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ABSTRACT 
* *
A n a n o - s e c o n d  t i m e - o f - f l i g h t  s y s t e m  i n c o r p o r a t i n g  t h i n  s c i n t i l l a t o r s  
a s  t r a n s m i s s i o n  d e t e c t o r s  and a 252Cf s p o n t a n e o u s  f i s s i o n  s o u r c e  h a s  b e e n  
d e v e lo p e d  as  a  s o u r c e  o f  v e r y  he a v y  i o n s .  The s y s t e m  i s  c a p a b l e  o f  d i s c r i ­
m i n a t i n g  a g a i n s t  unwanted  r a d i a t i o n s  by g a t i n g  t e c h n i q u e s .
A s t u d y  o f  t h e  r e s p o n s e  o f  s e v e r a l  s c i n t i l l a t o r s  t o  v e r y  h e a v y  i o n s  
h a s  b e e n  c a r r i e d  o u t .  The t o t a l  l i g h t  o u t p u t  was m ea su red  a s  a  f u n c t i o n  o f  
e n e r g y  and  v e l o c i t y  f o r  s e v e r a l  s c i n t i l l a t o r s .  The v a r i a t i o n  o f  t h e  s p e c i f i c  
l u m i n e s c e n c e  w i t h  e n e r g y  and v e l o c i t y  was i n v e s t i g a t e d  f o r  a  p l a s t i c  t r a n s ­
m i s s i o n  s c i n t i l l a t o r .
The s t o p p i n g  power o f  t h e  s c i n t i l l a t o r s  u s e d  and t h e  e f f e c t i v e  i o n i c  
c h a r g e  o f  t h e  f i s s i o n  f r a g m e n t s  s t u d i e d  ha ve  b e e n  c a l c u l a t e d  a s  a  f u n c t i o n  o f
e n e r g y  from i n t e r p o l a t i o n  o f  e x i s t i n g  e x p e r i m e n t a l  d a t a  and  f rom  a v a i l a b l e
r
t h e o r i e s .
The e x i s t i n g  t h e o r i e s  c o n c e r n i n g  t h e  r e s p o n s e  o f  s c i n t i l l a t o r s  t o  v a r i o u s  
p a r t i c l e s  have  b e e n  t e s t e d  i n  t h e  l i g h t  o f  t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d .
A new t h e o r y  h a s  b e e n  d e v e l o p e d  i n  o r d e r  t o  e x p l a i n  t h e  o b s e r v e d  b e h a v i o u r  o f  
t h e  r e s p o n s e  o f  s c i n t i l l a t o r s  t o  v e r y  he a v y  i o n s .  A c o m p a r i s o n  b e t w e e n  t h i s 1 
t h e o r y  and t h e  e x p e r i m e n t a l  r e s u l t s  o f  t h i s  s t u d y  h a s  shown up t h e  s h a p e  and 
m ag n i tu d e  o f  a  " d a r k  r e g i o n "  a ro u n d  t h e  t r a c k  o f  a  f r a g m e n t ,  w h ic h  c o r r e l a t e s  
w e l l  w i t h  t h e  damage zones  found  f o r  f i s s i o n  t r a c k  d e t e c t o r s .
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CHAPTER 1
INTRODUCTION
1 .1  Background  to  t h e  P r o j e c t
Heavy e n e r g e t i c  i o n s  have b e e n  s t u d i e d  r e l a t i v e l y  i n f r e q u e n t l y  i n  the  
p a s t  due t o  t h e  l a c k  o f  w i d e l y  a v a i l a b l e  s o u r c e s ,  b u t  t h e y  may become of  
g r e a t e r  i n t e r e s t  i n  t h e  n e x t  5 -10  y e a r s  i n  f i e l d s  such  as  cosmic  r a y  s t u d i e s ,  
f i s s i o n  s t u d i e s ,  decay  o f  s u p e r  heavy n u c l e i  and ion  i m p l a n t a t i o n ;  t h e r e  i s  
a l s o  t h e  p r o s p e c t  o f  e x p l o i t a t i o n  o f  heavy  i o n  beams i n  t h e  N a t i o n a l  Tandem 
V a n- d e -G ra a f  a c c e l e r a t o r ,  s p o n s o r e d  by th e  S c i e n c e  R e s e a rc h  C o u n c i l ,  which  i s  
c u r r e n t l y  u n d e r  c o n s t r u c t i o n .  I t  i s  v e r y  p r o b a b l e  t h a t  s c i n t i l l a t i o n  d e t e c t i o n  
w i l l  be used  i n  many of  t h e s e  f i e l d s  where  i t  o f f e r s  t e c h n i c a l  o r  economic  
a d v a n t a g e s .  C o n s e q u e n t l y  t h e  d e t a i l e d  knowledge  of  the  r e s p o n s e  o f  v a r i o u s  
s c i n t i l l a t o r s  t o  v e r y  heavy  i o n s  w i l l  be  v e r y  u s e f u l .
Tlit' i n t e r a c t i o n  o f  h i g h l y  i o n i s e d  ve ry  heavy ions  w i t h  m a t t e r  i s  o f  f u n d a ­
m en ta l  i n t e r e s t  b u t  has  n o t  be e n  e x t e n s i v e l y  s t u d i e d .  The h i g h  s t o p p i n g  power 
of  such p a r t i c l e s  may i n  t h e  f u t u r e  make them s u i t a b l e  f o r  t r e a t i n g  v a r i o u s  
forms o f . c a n c e r  .and f o r  t h i s  and o t h e r  a p p l i c a t i o n s  a d e t a i l e d  knowledge  of  
the  d i s t r i b u t i o n  o f  e n e r g y  d e p o s i t e d  i n  t h e  s t o p p i n g  m a t e r i a l  w i l l  be  o f  g r e a t  
i m p o r t a n c e .
A l th o u g h  on ly  3-5% o f  t h e  a b s o rb e d  e n e rg y  i n t o  t h e  medium may be c o n v e r t e d  
i n t o  l i g h t ,  s c i n t i l l a t o r s  p r o v i d e  a v e r y  good p r o b e  i n t o  the  p a r t i c u l a r  way i n  
which  e n e r g y  i s  exchanged  when an i o n i z i n g  p a r t i c l e  i s  s lowed down i n  m a t t e r .
In  fact :  as  B i rk s  has  i n d i c a t e d ^  0, the t o t a l  l i g h t  o u t p u t  (L) and the  s p e c i f i c  
l u m i n e s c e n c e  (dL/dx)  a r e  r e l a t e d  to  t h e  a b s o rb e d  e n e r g y  (E) and t h e  s p e c i f i c  
e n e rg y  l o s s  (dE/dx)  o f  t h e  i n c i d e n t  p a r t i c l e .  In  f a c t  B i r k s  ^ ^ h a s  d e r i v e d  a 
s e m i - e m p i r i c a l  f o rm u la  which r e l a t e s  t h e s e  q u a n t i t i e s  and which  i s  known to
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h o l d  f o r  p r o t o n s ,  d e u t e r o n s ,  a l p h a  p a r t i c l e s  and ca rb o n  i o n s .  I t  would  be 
i n t e r e s t i n g  to  i n v e s t i g a t e  t h e  v a l i d i t y  o f  B i r k s 1 e q u a t i o n  f o r  t h e  most  
ex tr em e  c a s e s  o f  v e r y  heavy  io n s  w i t h  v e r y  h i g h  dE/dx .
' R e c e n t l y ,  v e r y  t h i n  p l a s t i c  s c i n t i l l a t o r s  have b e e n  d e v e lo p e d  and
( 9 )' u s e d  as  t r a n s m i s s i o n  d e t e c t o r s .  The u se  o f  t h e s e  s u p e r - t h i n  s c i n t i l l a t o r s  
e n a b l e s  the  d i r e c t  measurem ent  o f  dL /dx  f o r  d i f f e r e n t  p a r t i c l e s  a t  d i f f e r e n t  
e n e r g i e s .  A lso  t h e i r  u se  i n  t i m e - o f - f l i g h t  sys tem s  e n a b l e s  t h e  s i m u l t a n e o u s  
measurement  o f  e n e rg y  and v e l o c i t y .  The u t i l i z a t i o n  o f  t h i n  p l a s t i c  s c i n t i l l a ­
t o r s  may p r o v i d e  us w i t h  a  d e v i c e  e n a b l i n g  t h e  s e l e c t i o n  o f  a  p a r t i c u l a r  i o n  
mass a t  a p a r t i c u l a r  e n e rg y  f rom  a s o u r c e  e m i t t i n g  a  wide r a n g e  o f  m a s s e s ,  
such  as  a s p o n ta n e o u s  f i s s i o n  f r a g m e n t  s o u r c e .
1 .2  S c i n t i l l a t i o n  C oun t ing
I t  i s  beyond th e  scope  o f  t h i s  work to  p r o v i d e  a  f u l l  and d e t a i l e d  
a c c o u n t  o f  a l l  t h e  a s p e c t s  o f  s c i n t i l l a t i o n  c o u n t i n g .  Th is  i s  done by B i r k s  
i n  h i s  w e l l  known book "The Theory and P r a c t i c e  o f  S c i n t i l l a t i o n  C o u n t i n g "  
llowe?ver, in o r d e r  Lo p r o v id e  a f ramework f o r  d i s c u s s  Lon o f  v a r i o u s  c o n c e p t s  a 
s h o r t  o u t l i n e  o f  the b a s i c  f e a t u r e s  w i l l  be g i v e n  h e r e .
The s c i n t i l l a t i o n  c o u n t e r ,  l i k e  a l l  o t h e r  m ajo r  i n s t r u m e n t s  u s e d  f o r  t h e  
d e t e c t i o n  and measurem ent  o f  i o n i s i n g  r a d i a t i o n s  makes use  o f  t h e  f a c t  t h a t  when 
a c h a rg e d  p a r t i c l e  p a s s e s  t h ro u g h  m a t t e r  i t  d i s s i p a t e s  i t s  e n e r g y  i n  t h e  i o n i ­
s a t i o n  and e x c i t a t i o n  o f  t h e  m o le c u le s  o f  the  m a t e r i a l .  S c i n t i l l a t o r s  a r e  
t r a n s p a r e n t  m a t e r i a l s  where  s u b s e q u e n t  d e - e x c i t a t i o n  r e s u l t s  i n  t h e  p r o d u c t i o n  
o f  v i s i b l e  l i g h t .
The o p e r a t i o n  o f  a s c i n t i l l a t i o n  c o u n t e r  may be d i v i d e d  i n t o  s i x  c o n s e ­
c u t i v e  e v e n t s :
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1 .  I n t e r a c t i o n  o f  i n c i d e n t  r a d i a t i o n  w i t h  m a t t e r  l e a d i n g  to  i o n i s a t i o n  and 
e x c i t a t i o n  o f  t h e  m o le c u le s  o f  t h e  s c i n t i l l a t o r .
2.  The c o n v e r s i o n  o f  p a r t  o f  the  d i s s i p a t e d  e n e r g y  i n t o  l i g h t  by th e  l u m i ­
n e s c e n c e  p r o c e s s .
3 .  The t r a n s i t  o f  l i g h t  p h o to n s  through,  t h e  s c i n t i l l a t o r  t o  t h e  p h o t o c a t h o d e  
of  the  p h o t o m u l t i p l i e r  t u b e .
4.  The a b s o r p t i o n  o f  t h e s e  p h o t o n s  a t  t h e  p h o t o c a t h o d e  of  t h e  t u b e  and t h e  
e m i s s i o n  o f  p h o t o e l e c t r o n s  v i a  t h e  p h o t o e l e c t r i c  e f f e c t .
5 .  The e l e c t r o n  m u l t i p l i c a t i o n  p r o c e s s  w i t h i n  the. p h o t o m u l t i p l  i e r  t u b e .
6 .  The a n a l y s i s  o f  t h e  o u t p u t  c u r r e n t  p u l s e  f u r n i s h e d  by t h e  p h o t o m u l t i p l i e r  
t u b e .
B e f o re  exa m in in g  e a c h  s t a g e  i n  more d e t a i l  we s h a l l  b r i e f l y  d e s c r i b e  
t h e  d i f f e r e n t  t y p e s  o f  s c i n t i l l a t o r s .  T a b le  1 .1  l i s t s  some commonly u s e d  
s c i n t i l l a t o r s  a l o n g  w i t h  t h e i r  c h a r a c t e r i s t i c s .
The f i r s t  two a r e  s i n g l e  c r y s t a l s  o f  i n o r g a n i c  m a t e r i a l s ;  numbers  3 and 
4 a r e  o r g a n i c  m a t e r i a l s  d i s s o l v e d  i n  o r g a n i c  l i q u i d  o r , p l a s t i c s ;  numbers  5 ,  6 and 
7 a r e  s i n g l e  c r y s t a l s  o f  o r g a n i c  m a t e r i a l s .  I n  a d d i t i o n  t o  t h e s e  xenon and o t h e r  
n o b l e  g a s e s  as  w e l l  as  v a r i o u s  g l a s s e s  a r e  b e i n g  u s e d  as  s c i n t i l l a t o r s .
In  g e n e r a l  t h e  most  d e s i r a b l e  p r o p e r t i e s  f o r  good s c i n t i l l a t o r s  a r e
(a)  High e f f i c i e n c y  f o r  t h e  c o n v e r s i o n  o f  a b s o r b e d  e n e r g y  to  f l u o r e s c e n t  
r a d i a t i o n .
(b) T r a n s p a r e n c y  t o  t h e i r  own f l u o r e s c e n t  r a d i a t i o n .
TABLE 1 .1
PROPERTIES OF SEVERAL ^JJTI ’JJJ.ATOJ^
( A f t e r  W.J .  P r i c e :  N u c l e a r  R a d i a t i o n  D e t e c t i o n ,  2nd E d i t i o n  (1964))
M a t e r i a l s D en s  i t y , 
g / c m 3
W a v e l e n g t h  of 
M a x i m u m
v 0
E m i s s i o n ,  A
R e l a t i v e  
E l e c t r o n  
P u l s e  - he ight
A l p h a -  
E l e c t r o n  
R a t i o ,  %
D e c a y  
T i m e ,  
s e c .
1. A n t h r a c  ene
1 . 2 5 4 , 4 0 0 -8c r y s t a l  
2. S t i l b e n e
100 9 3x10
c r y s t a l 1. 15 4 , 1 0 0 60 9 4 - 8 x l 0 " 9({3)
3 .L iqu id .
p h o s p h o r s  
4 .  P l a s t i c
0 .8  6 3 , 5 0 0 - 4 , 5 0 0 4 0 - 6 0 9 - 92 - 8 x 1 0
p h o s p h o r s 1. 06 3 , 5 0 0 - 4 , 5 0 0 2 8 - 4 8 - 93 - 5 x 1 0
5.  N aI (T  1) 3. 67 4 , 2 0 0 210 44 3 x 1 0~ 7
6. L i l (E u ) 4. 06 4 , 7 0 0 70 95 1 . 2 x l 0 " 6
7. C s I (T l ) 4 . 5 1 4 , 2 0 0 - 5 , 7 0 0
- 1
5 5 - 9 5 6 %* 1. I x l 0 " 6(p) 
0. 43x10 a )
(c) S p e c t r a l  d i s t r i b u t i o n  o f  the s c i n t i l l a t i o n  l i g h t  c l o s e l y  m a t c h in g  the 
r e s p o n s e  o f  a v a i l a b l e  p h o t o c a t h o d e s .
When s c i n t i l l a t o r s  a r e  u sed  i n  f a s t  t i m i n g  m easurem ents  a  s h o r t  decay  t im e 
i s  a l s o  d e s i r a b l e .  The r e q u i r e m e n t s  on s i z e s  and shapes  o f  s c i n t i l l a t o r s  v a r y  
w i t h  the  a p p l i c a t i o n  f o r  which  t h e  d e t e c t o r  i s  i n t e n d e d  and s c i n t i l l a t o r  
d e t e c t o r s  can o f f e r  a l m o s t  u n l i m i t e d  g o e m e t r i c a l  f reedom  which i s  a  m a j o r  
a d v a n ta g e  compared w i t h  m os t  s o l i d  s t a t e  d e t e c t o r s .
-  .5 -
1 .2 .1-  I n t e r a c t i o n  o f  c ha rge d  p a r t i c l e s  w i t h  m a t t e r
When an e n e r g e t i c  c h a rg e d  p a r t i c l e  i s  i n c i d e n t  upon a s c i n t i l l a t o r ,  
t h e  p r e d o m i n a n t  mode o f  i n t e r a c t i o n  i s  a  s u c c e s s i o n  o f  i n e l a s t i c  c o l l i s i o n s  
w i t h  the e l e c t r o n s  i n  the  s c i n t i l l a t o r  r e s u l t i n g  i n  m o l e c u l a r  e x c i t a t i o n  and 
i o n i z a t i o n .  The p a t h  o f  a i ieavy p a r t i c l e  in  the  s c i n t i l l a t o r  i s  e s s e n t i a l l y  
s t r a i g h t  ( a p a r t  f rom t h e  r a r e  e v e n t  o f  a  n u c l e a r  c o l l i s i o n ,  when l a r g e  a n g le  
s c a t t e r i n g  o c c u r s )  and i s  o f  mean r a n g e  R. S t a t i s t i c a l  f l u c t u a t i o n s  i n  t h e  
e n e rg y  d i s s i p a t e d  i n  i n d i v i d u a l  c o l l i s i o n s  c a u s e  a  i s l i g h t  s t r a g g l i n g  a b o u t  
t h i s  v a l u e .
Hie p e n e t r a t i o n  o f  e n e r g e t i c  heavy  atoms i n  m a t t e r  i s  o f  such  c o m p l e x i t y  
t h a t  i t  pen<*rally has not  been p o s s i b l e  to  p r e d i c t  the b e h a v i o u r  o f  a p a r t i c u l a r  
a to m ic  s p e c i e s  i n  a  g i v e n  a b s o r b i n g  medium w i t h  p r e c i s i o n  on th e  b a s i s  o f  t h e o r y  
a l o n e ,  o r  even  from t h e  b e h a v i o u r  o f  o t h e r  i o n s  i n  o t h e r  m ed ia .
Due to  t h e  r e l a t i v e l y  low b i n d i n g  e n e r g i e s  f o r  t h e i r  a to m ic  e l e c t r o n s ,  
p r o t o n s  and a l p h a  p a r t i c l e s  maj^ be  r e g a r d e d  as  c h a rg e  i n v a r i a n t  o v e r  m os t  o f  t h e  
e n e r g y  r e g i o n  o f  c o n c e r n .  Th is  however  i s  n o t  the  c a s e  w i t h  h e a vy  i o n s  where  
e l e c t r o n  b i n d i n g  e n e r g i e s  a r e  much g r e a t e r .  At  h i g h  io n  v e l o c i t i e s ,  c o l l i s i o n s  
w i t h  e l e c t r o n s  cause  t h e  heavy  atom t o  l o s e  some o f  i t s  o r b i t a l  e l e c t r o n s ,  and 
a t  low v e l o c i t i e s  t h e  r e v e r s e  o c c u r s ,  i . e .  e l e c t r o n  p i c k - u p  l e a d s  to  t h e  p a r t i a l  
and e v e n t u a l ^  t o t a l  n e u t r a l i z a t i o n  o f  t h e  i o n .
The s p e c i f i c  e n e r g y  l o s s  o r  s t o p p i n g  pow er ,  dE/dx  o f  t h e  p a r t i c l e  depends  
on t h e  i n s t a n t a n e o u s  c h a r g e  and v e l o c i t y  o f  t h e  p a r t i c l e  and on t h e  p r o p e r t i e s  
of  t h e  s t o p p i n g  m a t e r i a l  i . e .  t h e  number o f  e l e c t r o n s  p e r  u n i t  volume and t h e  
e f f e c t i v e T p o t e n t i a l  o f  t h e  atoms o f  t h e  medium.
"  6 “
The B e th e -B lo c h  e q u a t i o n  f o t  dE/dx  f o r  n o n - r e l a t i v i s t i c  p a r t i c l e s
(a)i n v o l v e d  i n  e l e c t r o n i c  c o l l i s i o n s  o n ly  i s  g i v e n  by 
dE _, NZ lo gdx o em e
2m v2 e
1.1
where £ = c h a rg e  o f  t h e  i o n
v = v e l o c i t y  o f  ion
e = e l e c t r o n i c  c h a rg e
m = e l e c t r o n i c  mass e
N = number o f  a toms p e r  u n i t  volume i n  s t o p p i n g  medium
Z = Atomic number o f  m a t e r i a l
I  = e f f e c t i v e  i o n i z a t i o n  p o t e n t i a l
I f  I  i s  t r e a t e d  as  an a d j u s t a b l e  p a ra m e te r^  t h e  r e l a t i o n  can  be  f i t t e d  
v e r y  w e l l  to  e x p e r i m e n t a l  r e s u l t s  f o r  p r o t o n s ,  d e u t e r o n s ,  a - p a r t i c l e s  and  s i m i l a r  
s im p le  s p e c i e s ;  and f o r  such c a s e s  t h e  i o n i c  c h a rg e  i s  j u s t  e q u a l  to  t h e  n u c l e a r  
c h a rg e  f o r  e n e r g i e s  g r e a t e r  t han  a few h u n d r e d  k e V .
As m e n t io n e d  a l r e a d y  t h e  g r e a t e s t  u n c e r t a i n t y  i n  u s i n g  e q u a t i o n  1 .1  f o r  
more complex atoms a r i s e s  from knowing the e f f e c t i v e  c h a rg e  on the i o n .  A l s o ,  
b e c a u s e  of  s h e l l  e f f e c t S j t h e  v a l u e  o f  the  a v e ra g e  e x c i t a t i o n  p o t e n t i a l  f o r  an 
e l e c t r o n  o f  the  s t o p p i n g  medium i s  n o t  t r u l y  i n d e p e n d e n t  o f  t h e  i o n  v e l o c i t y .
I t  i s  u s u a l l y  d e t e r m i n e d  e x p e r i m e n t a l l y  u s i n g  h i g h - e n e r g y  p r o t o n s  f o r  wh ich  t h e  • 
v e l o c i t y  dependence  i s  n e g l i g i b l e . E m p i r i c a l  f o rm u la e  f o r  I  w h ich  h a v e  b e e n  
. p r o p o s e d  a r e : ^ # k )
I  = 11 .5  Z ( I  i n  eV) 1 . 2 . a
and
-%
I  = 9 . 1  Z(1 + 1.9  Z ) eV 1 . 2 . b
T h is  i n c r e a s e  of  I  w i t h  Z which  a r i s e s  f rom th e  i n c r e a s e d  n u c l e a r  b i n d i n g  
of  i n n e r  e l e c t r o n i c  s h e l l s  o f  heavy  atoms l e a d s  to  a  r e d u c t i o n  i n  t h e  s t o p p i n g  
power w i t h  i n c r e a s i n g  a tom ic  number o f  t h e  a b s o r b e r  f o r  a  g i v e n  e l e c t r o n  d e n s i t y .
For  s i m i l a r  r e a s o n s  i t  becomes i n c r e a s i n g l y  d i f f i c u l t  t o  remove e l e c t r o n s  
from a h i g h  speed  a to m ic  p a r t i c l e  a s  i t s  a to m ic  number i n c r e a s e s  and much
work s t i l l  r em a ins  to  be  done in  a c c u r a t e l y  d e f i n i n g  t h e  e f f e c t i v e  i o n i c  •
c h a rg e  as  a  f u n c t i o n  o f  v e l o c i t y  i n  a g i v e n  a b s o r b e r .
We s h a l l  r e t u r n  to  t h e  q u e s t i o n  o f  c a l c u l a t i n g  dE/dx f o r  f i s s i o n  
f r a g m e n t s  i n  c h a p t e r  6 where  t h e  c h a rg e  v a r i a t i o n  d u r i n g  s l o w i n g  dowm w i l l  
be  examined  i n  d e t a i l .  '
. 1 . 2 . 2  The s c i n t i l l a t i o n  p r o c e s s
• Charged p a r t i c l e s  i n c i d e n t  on a s c i n t i l l a t o r  i n t e r a c t  v i a  t h e  Coulomb
f i e l d  w i t h  e l e c t r o n s  o f  t h e  m a t e r i a l  c a u s i n g  e x c i t a t i o n  and i o n i z a t i o n .
Prompt r e - e m i s s i o n  o f  p a r t  o f  t h e  a b s o r b e d  e n e r g y  as  v i s i b l e  ( o r  n e a r - v i s i b l e )  
l i g h t  i s  known as  l u m i n e s c e n c e .
I f  t h e r e  a r e  a l l o w e d  t r a n s i t i o n s  be tw een  t h e  r e s u l t i n g  e x c i t e d  s t a t e s  
and t h e  ground  s t a t e  o f  m o l e c u l e s i n  t h e  m a t e r i a l ,  t h e  d e - e x c i t a t i o n  accom pan ie d  
by l i g h t  e m i s s i o n  g e n e r a l l y  o c c u r s  i n  a bou t  10- 8 s o r  l e s s .  I f  t h e  t r a n s i t i o n  
i s  f o r b i d d e n ,  the  e x c i t e d  s t a t e  i s  m e t a s t a b l e  and th e  e m i s s i o n  i s  d e l a y e d ,  t h e  
r a d i a t i o n  b e i n g  c a l l e d  p h o s p h o r e s c e n c e .  The d u r a t i o n  of  the  p h o s p h o r e s c e n c e  
vrises w i t h  Lhe type of'  s c i n t i l l a t o r  and may be o f  m ic r o se c o n d s  to h o u r s  and i s  
t e m p e r a t u r e  d e p e n d e n t .  Only t h o s e  s c i n t i l l a t o r s  w i t h  t h e  s h o r t e r  decay  t im e s  a r e  
u s e f u l  f o r  t h e  d e t e c t i o n  o f  n u c l e a r  r a d i a t i o n .
To a f i r s t  a p p r o x i m a t i o n  t h e  number o f  p h o t o n s  n  e m i t t e d  i n  t h e  t im e  t  
a f t e r  t h e  a r r i v a l  o f  the  i o n i z i n g  p a r t i c l e  can  u s u a l l y  be r e p r e s e n t e d  by a  s i m p l e  
e x p o n e n t i a l  growth  law
n = n 
P 0
-  —
1 -  e T | 1 .3
where x i s  t h e  t ime r e q u i r e d  f o r  t h e  e m i s s i o n  o f  t h e  f r a c t i o n  1 -  e _1 ( o r  63%)
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o f  the  p h o t o n s  and i t  i s  r e f e r r e d  t o  as  t h e  decay  t ime ( s e e  t a b l e  1 ) .
Only a  s m a l l  f r a c t i o n  o f  t h e  e n e r g y  d e p o s i t e d  in  t h e  s c i n t i l l a t o r  i s  
c o n v e r t e d  i n t o  l i g h t ,  t h e  r e s t  i s  d e g ra d e d  i n t o  h e a t .
The f r a c t i o n  o f  e n e rg y  c o n v e r t e d  to  p h o to n s  i s  d e s i g n a t e d  C and v a r i e s  
f rom a f r a c t i o n  o f  a p e r c e n t  t o  4-5%. The mechanism o f  t h e  s c i n t i l l a t i o n
p r o c e s s  i s  d i f f e r e n t  f o r  t h e  two b r o a d  c l a s s e s  o f  s o l i d  s c i n t i l l a t o r s .
A. O rg a n ic  C r y s t a l s  ( e . g .  A n t h r a c e n e ,  S t i l b e n e )
These o r g a n i c  c r y s t a l  s c i n t i l l a t o r s  a r e  m a i n ly  a r o m a t i c  h y d r o c a r b o n s
whose m o le c u le s  c o n t a i n  b e n z e n e - r i n g  s t r u c t u r e s ,  a l o n g  w i t h  v a r i o u s  n o n - a r o m a t i c  
s u b s t i t u t i o n s .
The lu m in e s c e n c e  p r o c e s s  i n  o r g a n i c  m a t e r i a l s  i s  a  m o l e c u l a r  p r o c e s s  
and can b e s t  be  d i s c u s s e d  i n  te rms  o f  a  p o t e n t i a l  e n e r g y  d i a g r a m  f o r  t h e  
m o le c u le  ( s e e  f i g u r e  1 .1 )
E x c i s e d  s t a t e
G r o u n d  s t a t e
P h o t o n
Interatomic distance
F i g u r e  1 .1  P o t e n t i a l - e n e r g y  d iag ra m  o f  a  s c i n t i l l a t o r  m o l e c u l e .
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I n  each  s t a t e  t h e r e  a r e  a l l o w e d  modes o f  v i b r a t i o n  o f  t h e  m o l e c u l e ,  
t h e  e n e r g i e s  o f  wh ich a r e  r e p r e s e n t e d  by t h e  h o r i z o n t a l  l i n e s .  An incom ing
e n e r g e t i c  p a r t i c l e  may cause  t h e  t r a n s f e r  o f  t h e  m o le c u le s  f rom th e  g round  s t a t e  
t o  t h e  e x c i t e d  e l e c t r o n i c  s t a t e  as  shown by l i n e  AA’ . A c c o r d in g  t o  t h e  F r a n k -  
Condon p r i n c i p l e ,  such  e l e c t r o n i c  t r a n s f e r s  t a k e  p l a c e  i n  a t ime  much s h o r t e r  
t h a n  th e  p e r i o d  o f  m o l e c u l a r  v i b r a t i o n .  The p o i n t  A’ r e p r e s e n t s  a h i g h l y  
e x c i t e d  v i b r a t i o n a l  s t a t e .  This  e x t r a  e n e rg y  i s  q u i c k l y  d i s s i p a t e d  as  h e a t  i n  
the  l a t t i c e  v i b r a t i o n s ,  w i t h  p e r h a p s  t h e  l e v e l  B b e i n g  r e a c h e d .  I f  t h e  m o le c u le  
i n  t h e  e l e c t r o n i c  e x c i t e d  s t a t e  i s  s u f f i c i e n t l y  s t a b l e  a g a i n s t  o t h e r  p r o c e s s e s  
by which  i t s  en e rg y  can be r e l e a s e d ,  i t  w i l l  u l t i m a t e l y  r e t u r n  t o  t h e  g round  
s t a t e  a lo n g  t h e  p a th .  BBf by f l u o r e s c e n t  e m i s s i o n .  The mean l i f e  t ime  f o r  t h i s  
p r o c e s s  i s  o f  t h e  o r d e r  o f  10“ ®s which  i s  long  compared t o  t h e  t im e  r e q u i r e d  
f o r  m o l e c u l a r  v i b r a t i o n s .
There a r e  a  number o f  ways by wh ich  t h e  f l u o r e s c e n t  e m i s s i o n  can  b e  
p r e v e n t e d  o r  quenched e . g .
a)  d i r e c t  t r a n s f e r  o f  e n e rg y  from t h e  e x c i t e d  s t a t e  t o  t h e  g round  s t a t e ,  as  
a t  t h e  p o i n t  H ( s e e  f i g u r e  1 .1 )  where  t h e  two s t a t e s  come c l o s e  t o g e t h e r  
and
b) t h e  d i s s o c i a t i o n  o f  t h e  m o le c u le  when t h e  l e v e l  A'r i s  s u f f i c i e n t l y  h i g h .
I m p u r i t i e s  can a l s o  cause  q u e n c h in g ,  p o s s i b l y  by a b s o r b i n g  f l u o r e s c e n c e  and 
b e i n g  th em se lve s  n o n - f l u o r e s c e n t .
I t  i s  c l e a r  f rom f i g u r e  1 . 1  t h a t  t h e  o r g a n i c  c r y s t a l s  a r e  t r a n s p a r e n t  
t o  t h e  l u m i n e s c e n t  r a d i a t i o n  th e y  p r o d u c e .  The a v e r a g e  e n e rg y  r e q u i r e d  t o  
t r a n s f e r  t h e  m o le c u le  f rom th e  ground  s t a t e  t o  t h e  e x c i t e d  s t a t e  (AA1) i s  
g r e a t e r  t han  t h a t  r e l e a s e d  upon r e t u r n  (BB*). C o n s e q u e n t ly  on ly  t h e  m os t  
e n e r g e t i c  p h o t o n s  have  s u f f i c i e n t  e n e rg y  to  be  a b s o r b e d  by t h e  p r o d u c t i o n  o f  
e x c i t a t i o n .
-  10 -
B . I n o r g a n i c  C r y s t a l  S c i n t i l l a t o r s  ( N a l ,  Cs l)
The i n o r g a n i c  s c i n t i l l a t o r s  a r e  c r y s t a l s  o f  i n o r g a n i c  s a l t s ,  p r i m a r i l y  
the  a l k a l i  h a l i d e s  c o n t a i n i n g  s m a l l  amounts o f  i m p u r i t i e s  as a c t i v a t o r s  f o r  
the  •■luminescent p r o c e s s .  The mechanism o f  s c i n t i l l a t i o n  p r o d u c t i o n  can be 
d e s c r i b e d  i n  te rms  o f  the  band  t h e o r y  o f  s o l i d s .
A p u r e  a l k a l i  h a l i d e  c r y s t a l  i s  r e p r e s e n t e d  i n  t h e  band  t h e o r y  by a
v a l e n c e  band  o f  e n e r g i e s  wh ich  i s  n o r m a l l y  c o m p l e t e l y  f i l l e d  w i t h  e l e c t r o n s  
and by a c o n d u c t i o n  band  o f  e n e r g i e s ,  n o r m a l l y  empty which  l i e s  above t h e
v a l e n c e  band and i s  s e p a r a t e d  from i t  by a f o r b i d d e n  band  o f  e n e r g i e s  i n  wh ich
f r e e  e l e c t r o n s  c a n n o t  e x i s t  ( s e e  f i g u r e  1 .2 )
. ■/
Conduct i on
b a n d
Exci  ton -  
b a n d
T r a p p in g
C e n t r e slu m in es c e n c e
c e n t r e
V a l e n c e
b a n d
F i g u r e  1 . 2  P o t e n t i a l  e n e r g y  d i a g r a m  f o r  an i n o r g a n i c  s c i n t i l l a t o r  
d e m o n s t r a t i n g  t h e  band  t h e o r y  o f  s o l i d s .
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The p a s s a g e  o f  a c h a rg e d  p a r t i c l e  o f  s u f f i c i e n t  en e rg y  can move e l e c t r o n s
f r o m  f ho  i r |.;if I icr> n i  I o n  I n  I h o  o o m l t i o l  i o n  h m u l , n p r o o o n r i  k n o w n  mi  i o n  i :*,nl n m .
The e l e c t r o n  va c anc y  i n  t h e  v a l e n c e  band i s  r e f e r r e d  t o  as  a h o l e .  The e l e c t r o n  
i n  the  c o n d u c t i o n  band  and t h e  h o l e  i n  t h e  v a l e n c e  band  a r e  f r e e  t o  move 
i n d e p e n d e n t l y  t h r o u g h  th e  c r y s t a l .
An a l t e r n a t i v e  p r o c e s s ,  known as  e x c i t a t i o n ,  r e s u l t s  i n  t h e  p r o d u c t i o n  o f  
an e l e c t r o n  h o l e  p a i r ,  t h e  e x c i t o n .  Th is  p a i r  i s  bound t o g e t h e r  fo rm ing  a 
hydrogen  l i k e  ’ a to m 1 which  may move th ro u g h  the  c r y s t a l .  A s s o c i a t e d  w i t h  an 
e x c i t o n  i s  an e x c i t o n  band  o f  a l l o w e d  s t a t e s  ( s e e  f i g u r e  1 .2 )  whose lower  
bounda ry  i s  t h e  e x c i t o n  ground  s t a t e  and whose u p p e r  l i m i t  i s  the  b o t t o m  o f  
the  c o n d u c t i o n  b a n d ,  r e p r e s e n t i n g  i o n i z a t i o n  o f  t h e  e x c i t o n .
' |
Any i m p e r f e c t i o n s  i n  t h e  c r y s t a l ,  su c h  as  i m p u r i t y  a toms o r  l a t t i c e  
v a c a n c i e s ,  may c r e a t e  e n e rg y  l e v e l s ,  i n  t h e  f o r b i d d e n  band  a t  i s o l a t e d  
p o i n t s  t h r o u g h o u t  t h e  c r y s t a l .  S e l e c t e d  m a t e r i a l s  known as  a c t i v a t o r s  may be  
added to the  c r y s t a l  to  form e i t h e r  t r a p p i n g  c e n t r e s  o r  l u m i n e s c e n t  c e n t r e s  
as  r e q u i r e d .
The e l e c t r o n s ,  t h e  h o l e s  and t h e  e x c i t o n s  p ro d u c e d  by t h e  i o n  d i f f u s e  
th rough  the  c r y s t a l  u n t i l  a f r a c t i o n  o f  them meet  a t  l u m i n e s c e n t  c e n t r e s  
r a i s i n g  then  t o  t h e i r  e x c i t e d  s t a t e s .  I f  a r a d i a t i v e  t r a n s i t i o n  i s  a l l o w e d  
be tw een  such  e x c i t e d  s t a t e s  and t h e  c o r r e s p o n d i n g  g round  s t a t e s ,  a p h o t o n  i s  
e m i t t e d  i n  a b o u t  10“ 8 s e c o n d s .  I f  a  t r a n s i t i o n  i s  n o t  a l l o w e d ,  t h e n  t h e  
e l e c t r o n  r em a ins  i n  a m e t a s t a b l e  s t a t e  and t h e  p h o t o n  e m i s s i o n ,  i f  a n y ,  i s  much 
s lo w e r  and may on ly  o c c u r  i n  some c a s e s  f o l l o w i n g  r e s t i m u l a t i o n  v i a  t h e  
c o n d u c t i o n  ba nd .
Thus a  p o r t i o n  o f  t h e  o r i g i n a l  e n e rg y  o f  t h e  i o n ,  wh ich  i s  a b s o r b e d  by  t h e  
c r y s t a l  i s  c o n v e r t e d  t o  prompt  l i g h t .
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Some i n o r g a n i c  s c i n t i l l a t o r s  a lo n g  w i t h  t h e i r  a c t i v a t o r s  a r e :  Sodium 
i o d i d e  w i t h  t h a l l i u m ,  l i t h i u m  i o d i d e  w i t h  eu rop ium  and z in c  s u l p h i d e  w i t h  
s i l v e r .  The a c t i v a t o r  c o n c e n t r a t i o n  i s  a d j u s t e d  t o  o p t i m i s e  t h e  l u m i n e s c e n t  
y i e l d .
1 . 2 . 3  The m easu rem en t  o f  s c i n t i l l a t i o n s
We have  g i v e n ,  so  f a r ,  a b r i e f  q u a l i t a t i v e  a c c o u n t  o f  t h e  p r o d u c t i o n  o f  
s c i n t i l l a t i o n s  by o r g a n i c  and i n o r g a n i c  m a t e r i a l s .  I n  t h i s  s e c t i o n  we w i l l  
t r y  t o  r e l a t e  t h e  m easu red  p u l s e  p r o v i d e d  by t h e  p h o t o m u l t i p l i e r  t o  t h e  e n e rg y  
o f  t h e  i o n  by e xam in ing  a l l  t h e  s y s t e m  p a r a m e t e r s  a f f e c t i n g  t h e  c o n v e r s i o n  o f  
i o n  en e rg y  t o  a v o l t a g e  p u l s e .
The cha rge  q a p p e a r i n g  a t  t h e  o u t p u t  o f  t h e  p h o t o m u l t i p l i e r  t u b e ,  can 
be  r e l a t e d  t o  t h e  e n e rg y  E o f  t h e  p r i m a r y  i o n  as  f o l l o w s :
I f  n i s  the number o f  p h o t o e l e c t r o n s  r e l e a s e d  a t  the  p h o t o - c a t h o d e  and 
r e a c h i n g  th e  f i r s t  dynode and M i s  the  e l e c t r o n  m u l t i p l i c a t i o n  f a c t o r  t h e n
where  e i s  t h e  e l e c t r o n i c  c h a r g e .
n^ i n  t u r n  i s  t h e  p r o d u c t  o f  s e v e r a l  f a c t o r s  depend ing  on t h e  p a r t i c l e  
n a t u r e  and i t s  e n e r g y ,  t h e  s c i n t i l l a t o r  and the  tube  u s e d .
q = M e n 1 .4e
1 .5
where  F , C and T a r e  p r o p e r t i e s  o f  t h e  s c i n t i l l a t o r  n np p r  r
Fn = f r a c t i o n  o f  t h e  t o t a l  e n e rg y  a b s o r b e d  i n  t h e  s c i n t i l l a t o r
C = f r a c t i o n  o f  K.E.  d i s s i p a t e d  i n  t h e  s c i n t i l l a t o r  t h a t  i s  c o n v e r t e d  np
to  l i g h t  (C = C (A)dA where  C (A) i s  t h e  c o n v e r s i o n  e f f i c i e n c y  nP J 0 np np 3
p e r  u n i t  w a v e len g th )  ; T^ = t r a n s p a r e n c y  o f  t h e  s c i n t i l l a t o r  f o r  t h e  l i g h t  
wh ich  i t  p r o d u c e s .
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F , S , f  and F a r e  p r o p e r t i e s  o f  t h e  tube  (and  t h e  o p t i c a l  c o u p l i n g  p ’ m* c .
o f  t h e  s c i n t i l l a t o r  to  t h e  tube  i n  t h e  c a s e  o f  F ) F ~ f r a c t i o n  o f  p h o t o n s
P P •
r e a c h i n g  the  p h o t o - c a t h o d e  i f  = l»Sm = s e n s i t i v i t y  o f  t h e  p h o t o - c a t h o d e  
a t  t h e  w a v e l e n g t h  f o r  maximum s e n s i t i v i t y  i n  te rms  o f  p h o t o e l e c t r o n s  p e r  eV 
o f  l i g h t  e n e rg y  i n c i d e n t  on i t .
f  = f i g u r e  o f  m e r i t  e x p r e s s i n g  t h e  d e g r e e  to  which  s p e c t r a l  s e n s i t i v i t y  
o f  t h e  p h o t o - c a t h o d e  m atches  t h e  s p e c t r a l  d i s t r i b u t i o n  o f  t h e  s c i n t i l l a t i o n
C (A) S (A) dA np
f  = _ 0 ----- 1----- ;-----------c  s  np m
where  S ( A) i s  t h e  p h o t o - c a t h o d e  s e n s i t i v i t y  a t  w a v e l e n g t h  A„ F c = f r a c t i o n  o f
p h o t o e l e c t r o n s  c o l l e c t e d  by t h e  f i r s t  dynode t E q u a t i o n  1 .5  above can b e  s e e n
to  f o l l o w  from t h e s e  d e f i n i t i o n s  by c o n s i d e r i n g  t h a t  E F C i s  t h e  amountJ n  np
o f  l i g h t  e n e rg y  i n  t h e  s c i n t i l l a t i o n ,  T^F^ i s  t h e  f r a c t i o n  o f  t h i s  l i g h t  
r e a c h i n g  the  p h o t o - c a t h o d e  and Sm f  F c i s  the  number o f  p h o t o e l e c t r o n s  r e a c h i n g  
the f i r s t  dynode p e r  u n i t  l i g h t  e n e rg y  i n c i d e n t  a t  the  p h o t o - c a t h o d e .
Combining e q u a t i o n s  1 .4  and 1 . 5 ,  t h e  c h a rg e  q ,  a t  t h e  o u t p u t  o f  t h e  
p h o t o m u l t i p l i e r  i s
q = (M.e .F  .C .T .F .S . f . F  ) E 1 .6^ n np p p m c
The p u l s e  h e i g h t  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  e n e rg y  o f  t h e  i o n ,  i f  
a l l  t h e  f a c t o r s  i n  t h e  b r a c k e t  a r e  i n d e p e n d e n t  o f  t h e  e n e r g y .  The p h o t o m u l t i p l i e r  
g a i n  M ( w i t h i n  i. La l i n e a r  r a n g e )  and t h e  t r a n s p a r e n c y  o f  Lho a e i n t i l l a L o r  a r e  
i n d e p e n d e n t  o f  t h e  e n e r g y .  The f r a c t i o n  o f  t h e  t o t a l  e n e rg y  a b s o r b e d  i n  t h e  
s c i n t i l l a t o r  i s  a lways 100% p r o v i d e d  t h e  s c i n t i l l a t o r  i s  t h i c k  enough (F = 1 ) .
The o v e r a l l  o p t i c a l  . f a c t o r  T^.’F i s  d e s i g n e d  t o  be  i n d e p e n d e n t  o f  s c i n t i l l a t i o n  
i n t e n s i t y  and w a v e l e n g t h .  The l a s t  t h r e e  f a c t o r s  i n  t h e  b r a c k e t ,  t h e  t u b e  
c h a r a c t e r i s t i c s ,  a r e  a l s o  by d e s i g n  i n d e p e n d e n t  o f  e n e rg y  changes  f o r  a  g i v e n
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t y p e  of  i n c i d e n t  r a d i a t i o n ,  a l t h o u g h  t h e  d i s t r i b u t i o n  of  e m i t t e d  p h o to n  wave­
l e n g t h s  may v a r y  f o r  d i f f e r e n t  p a r t i c l e s ( 5) . Thus t h e  on ly  f a c t o r  which  may 
v a r y  w i t h  e n e rg y  i s  C , t h e  f r a c t i o n  o f  k i n e t i c  e n e rg y  c o n v e r t e d  i n  t h e  
s c i n t i l l a t o r  t o  l i g h t  e n e r g y .  Fo r  y - r a y s  and e l e c t r o n s  i n c i d e n t  on v a r i o u s  
s c i n t i l l a t o r s  C i s  i n d e p e n d e n t  of  the  e n e rg y  and thus  the r e s u l t a n t  p u l s e  
i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  e n e rg y  o f  the  incom ing  p a r t i c l e .  I t  i s  n o t  
known, how ever ,  w h e t h e r  C i s  c o n s t a n t  f o r  f i s s i o n  f r a g m e n t s  i n c i d e n t  on 
v a r i o u s  s c i n t i l l a t o r s  and s o  p a r t  o f  the  p r o j e c t  i s  t o  i n v e s t i g a t e  t h i s .
The p u l s e  h e i g h t  as a f u n c t i o n  o f  e n e rg y  o f  t h e  f i s s i o n  f r a g m e n t  i n  q u e s t i o n ,
m us t  g i v e  a  l i n e a r  r e l a t i o n s h i p  i f  C i s  c o n s t a n t .  The m ag n i tu d e  o f  C f o rnp np
heavy io n s  was a l s o  p o o r l y  known f o r  most  s c i n t i l l a t o r s ,  a t  t h e  o u t s e t  o f  t h i s  
work.
1 . 3  Response of  S c i n t i l l a t o r s  to  D i f f e r e n t  R a d i a t i o n s
The c o n v e r s i o n  e f f i c i e n c y  from p a r t i c l e  e n e rg y  t o  l i g h t  i s  n o t  c o n s t a n t ,  
b u t  i n  g e n e r a l ,  v a r i e s  b o t h  w i t h  t h e  type  and e n e rg y  o f  t h e  p a r t i c l e .  I n  
a d d i t i o n  t h e  form o f  v a r i a t i o n  depends on t h e  s c i n t i l l a t o r  t y p e .
E x t e n s i v e  m easurements  o f  t h e s e  e f f e c t s  have  b e e n  made by v a r i o u s  a u t h o r s VD/. 
The p a r t i c l e s  i n v e s t i g a t e d  were e l e c t r o n s ,  d e n L e ro n s ,  p r o t o n s  and u - p a r l i r l c M  l o r  
a v a r i e t y  o f  s c i n t i l l a t o r s  a « w e l > a s  soraG hi' ;’vV 1' o n s -
With the  e x c e p t i o n  o f  p r o t o n s  and d e u t e r o n s  i n  sodium i o d i d e ,  which  gave a 
l i n e a r  r e s p o n s e  ove r  the  e n t i r e  en e rg y  r e g i o n  i n v e s t i g a t e d  ( s e e  f i g u r e  1 .4 ) ,  p l o t s  
o f  p u l s e  h e i g h t  v e r s u s  e n e rg y  f o r  heavy p a r t i c l e s  gave a n o n - l i n e a r  r e l a t i o n  f o r  
low e n e r g i e s ,  t e n d i n g  to wards  l i n e a r i t y  w i t h  i n c r e a s i n g  p a r t i c l e  e n e r g y  ( s e e  f i g u r e  
1 . 3 ) .  E l e c t r o n s  i n  s t i l b e n e  and a u t h r a c e n e  showed a l i n e a r  r e s p o n s e  above 100 KeV, 
w h i l e  the  N a l ( T l )  curve  was l i n e a r  above 400 KeV. F i g u r e  1 .3  shows the  r e s p o n s e  
of  a n t h r a c e n e  and C s I ( T l )  t o  v a r i o u s  i o n s .  F i g u r e  1 .4  shows th e  r e l a t i v e  
r e s p o n s e  o f  s e v e r a l  s c i n t i l l a t o r s  to  e l e c t r o n s .
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A measure  o f  t h e  d e g re e  t o  which a p a r t i c u l a r  s c i n t i l l a t o r  i s  a f f e c t e d  
by the n a t u r e  o f  the p a r l i . e J e  i s  o b t a i n e d  by comparing the c o n v e r s i o n  
e f f i c i e n c y  f o r  5 . 3  MeV u - p a r t i c l e s  w i t h  t h a t  o f  h igh  e n e rg y  e l e c t r o n s .  The 
r a t i o  o f  t h e s e  two q u a n t i t i e s  i s  known as  t h e  a l p h a - b e t a  r a t i o .  Th is  
q u a n t i t y  i s  g i v e n  i n  t a b l e  1 . 1  (page 4) f o r  v a r i o u s  s c i n t i l l a t o r s .  I t  i s  
c l e a r  t h a t  t h e  a - r e s p o n s e  o f  o r g a n i c  s c i n t i l l a t o r s  i s  much p o o r e r  t h a n  f o r  
i n o r g a n i c  p h o s p h o r s .
The e f f e c t  o f  p a r t i c l e  type  on th e  c o n v e r s i o n  e f f i c i e n c y  can be r e p r e ­
s e n t e d  by a p l o t  o f  the  r a t i o  o f  s c i n t i l l a t i o n  a m p l i t u d e  to  t h e  p a r t i c l e  
e n e rg y  v e r s u s  p a r t i c l e  e n e r g y .  F i g u r e  1 .5  shows such a p l o t  f o r  e l e c t r o n s ,  
p r o t o n s ,  d e u t e r o n s >and a - p a r t i c l e s  i n  a n t h r a c e n e ,  n o r m a l i s e d  to  100 f o r  h i g h  
e n e rg y  e l e c t r o n s .  I t  can be s e e n  t h a t  dL/dE f a l l s  o f f  w i t h  i n c r e a s i n g  p a r t i c l e  
mass .  Th is  b e h a v i o u r  i s  c h a r a c t e r i s t i c  o f  a l l  s c i n t i l l a t o r s .  D i f f e r e n t  t y p e s  
however  v a r y  i n  t h e  d e g re e  t o  wh ich  th e y  e x h i b i t  t h i s  p r o p e r t y .
A n a l y s i s  o f  e x p e r i m e n t a l  d a t a  f o r  e l e c t r o n s ,  p r o t o n s ,  d e u t e r o n s  and 
a l p h a  p a r t i c l e s  showed t h a t  dL/dE,  t h e  f l u o r e s c e n c e  p e r  u n i t  e n e r g y ,  i s  a 
un ique  f u n c t i o n  o f  t h e  s t o p p i n g  power dE/dx  and i s  i n d e p e n d e n t  o f  t h e  p a r t i c l e
* f \
t y p e ^ 1' .  Th is  r e l a t i o n s h i p  a p p e a r e d  t o  h o l d  e x c e p t  f o r  low e n e r g y  e l e c t r o n s  
C th is  e x c e p t i o n  has  a l r e a d y  be e n  e x p l a i n e d  by  q u e n c h in g  due to  s u r f a c e  e f f e c t s ( 7) ) .  
F i g u r e  1.6 shows th e  r e l a t i o n s h i p  b e tw een  dL/dE and dE /dx  f o r  N a l ( T l )  and a n t h r a ­
ce n e .  Th i s  r e l a t i o n s h i p  however  h a s  n o t  b e e n  t e s t e d  f o r  v e r y  heavy  i o n s  and  
t h i s  i s  i n v e s t i g a t e d  as  p a r t  o f  t h i s  p r o j e c t .
B i r k s  has  p r o p o s e d  a  s e m i e m p i r i c a l  f o rm u la  r e l a t i n g  t h e  s p e c i f i c  l u m i n e ­
sc en c e  dL/dx  to  t h e  s p e c i f i c  e n e r g y  l o s s  dE /dx f o r  o r g a n i c  s c i n t i l l a t o r s .  W ith  
a  low dE/dx  t h e  i n d i v i d u a l  m o l e c u l a r  e x c i t a t i o n s  and i o n i z a t i o n s  a r e  s p a c e d  
s e v e r a l  m o l e c u l a r  d i s t a n c e s  a p a r t  a l o n g  the  p a r t i c l e  p a t h ,  and t h e  i n t e r a c t i o n  
be tw een  them i s  n e g l i g i b l e .  Under t h e s e  c o n d i t i o n s ,  t h e  s c i n t i l l a t i o n  r e s p o n s e
RE
LA
TI
VE
80
Nal(Tl)
Anthruc e ne
SO
in
U J
to
20
1 0 -
E N E R G Y  MeV
F i g u r e  1 .4  The r e s p o n s e  o f  v a r i o u s  s c i n t i l l a t o r s  t o  e l e c t r o n s ^ .
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F i g u r e  1.5  The s c i n t i l l a t i o n  e f f i c i e n c y ,  as  a f u n c t i o n  o f  e n e rg y  
• ' of  v a r i o u s  p a r t i c l e s  i n  a n t h r a c e n e ^ ^ .
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Nal(Tl)
d  E
dx
dL
dx as t h e  f u n c t i o n  o f  t h eF i g u r e  1 .6  The s c i n t i l l a t i o n  e f f i c i e n c y
s t o p p i n g  power i n  a n t h r a c e n e  and N a l ( T l ) . These c u r v e s  
a r e  g e n e r a l  and a t t e m p t  t o  i n c l u d e  d a t a  f rom e l e c t r o n s  
p r o t o n s  and a - p a r t i c l e s  f o r  a n t h r a c e n e a n d  i n  a d d i t i o n  
.. s e v e r a l  o t h e r , h e a v i e r  i o n s  f o r  N a l ( T l ) .  The N a l ( T l )  c u rv e  
if) in f a r t  d e r i v e d  from a semi-ei rpi  r i  oal  e q u a t i o n  sup,posted 
by Murray and Meyer ( ^ 8 ) l i l t i n g  t h e  d a t a  l o r  i n o r g a n i c  
s c i n t i l l a t o r s .  The a n t h r a c e n e  cu rv e  i s  s i m i l a r l y  o b t a i n e d  
by B i r k s ^ 1  ^ .
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L i s  p r o p o r t i o n a l  t o  t h e  p a r t i c l e  e n e rg y  E i . e .
L = S E 1 .7
o r
~  = S 1 .8dx dx
This  e q u a t i o n  i s  v a l i d '  f o r  f a s t  e l e c t r o n s ,  b u t  f o r  heavy ions ,  a c c o u n t  m u s t .b e  
t a k e n  of  the  i n t e r a c t i o n s  be tw een  e x c i t e d  s p e c i e s  due to  the  h i g h  d e n s i t y  of  
i o n i s e d  and e x c i t e d  m o l e c u l e s ,  which  may c a u se  q u e n c h in g  of  the  e x c i t a t i o n .
I f  a p a r t i c l e  l o s e s  dE /dx  e n e rg y  p e r  u n i t  p a t h  l eng th . ,  t h e n  t h e  s p e c i f i c  d e n s i t y  
of  i o n i s e d  and e x c i t e d  m o le c u le s  i s  B . ( d E /d x )  where B i s  a c o n s t a n t .  I f  t h e  
que nc h ing  can b e  c o n s i d e r e d  u n i m o l e c u l a r  w i t h  a q u e n c h in g  p a r a m e t e r  K, t h e n  t h e  
p r o b a b i l i t y  of  a damaged o r  i o n i s e d  m o le c u le  c a p t u r i n g  and q u e n c h in g  an e x c i t o n  
i s  KB(dE/dx) .  Thus t h e  f r a c t i o n  o f  e n e r g y  c o n v e r t e d  t o  p h o t o n s  w i l l  no l o n g e r  
be S, b u t  S/ [ 1  + KB (dE /dx ) ] .  H e n c e  e q u a t i o n  1 . 8  now becomes
dL
dx 1+KB ^  dx
i
This  i s  known as  t h e  B i r k s  e q u a t i o n  f o r  t h e  r e s p o n s e  c f  s c i n t i l l a t o r s .  Th is  
f o r m u la ,  a l t h o u g h  i t  a p p e a r s  to  h o l d  f o r  l i g h t  i o n s ,  h a s  n o t  y e t  b e e n  t h o r o u g h l y  
t e s t e d  f o r  t h e  e x t r e m e  c a s e s  where  dE/dx i s  v e r y  h i g h  ( e . g .  f i s s i o n  f r a g m e n t s ) .  
For  such c a s e s  (dE /d x  % 50-100  MeV/(mg/cm2) ) e q u a t i o n  1 .9  r e d u c e s  to
dL /v S- f -  = —  = c o n s t a n t  1 . 1 0dx KB
i . e .  dL /dx i s  i n d e p e n d e n t  o f  t h e  e n e r g y  of  incom ing  p a r t i c l e .  The v a l i d i t y  
o f  t h i s  i s  a l s o  t e s t e d  d u r i n g  t h i s  p r o j e c t .
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1 •^ Heavy Ion  Sou rces
The i n t e r a c t i o n  o f  heavy  i o n s  w i t h  m a t t e r  may b e  i n v e s t i g a t e d  i n  
t h r e e  w^ys (a)  by  u s i n g  p a r t i c l e s  p ro d u ce d  i n  s p o n ta n e o u s  r a d i o a c t i v e  
decay ;  (b) by u s i n g  the  p r o d u c t s  o f  i n d u c e d  r a d i o a c t i v i t y  and (c)  by 
u s i n g  a r t i f i c i a l l y  a c c e l e r a t e d  c h a rg e d  p a r t i c l e s .
Use o f  t h e  p r o d u c t s  o f  i n d u c e d  r a d i o a c t i v i t y  i s  made by  t h e  r e c o i l  
s e p a r a t o r  "LOHENGRIN" a t  G r e n o b l e . The f i s s i o n  p r o d u c t s ,  p r o d u c e d  by 
n e u t r o n s  i n c i d e n t  on a  t h i n  u ran ium  l a y e r  n e a r  t h e  r e a c t o r  c o r e  where  t h e  
f l u x  i s  h i g h ,  a r e  s e p a r a t e d  i n t o  s p e c t r a  o f  A/q l i n e s  (A = mass number ,  
q = i o n i c  c h a rg e  n u m b e r ) . The s e p a r a t i o n  i s  a c h i e v e d  by  means o f  a m a g n e t i c  
s e c t o r  f i e l d  and a c y l i n d e r  c o n d e n s e r  ( e l e c t r i c  f i e l d )  a t  r i g h t  a n g l e s .  The 
s e p a r a t o r  has  an e n e rg y  d i s p e r s i o n  a l o n g  ea ch  p a r a b o l a  (A/q l i n e )  and an 
A / q - d i s p e r s i o n  p e r p e n d i c u l a r  t o  t h e  p a r a b o l a s .  The mass r e s o l u t i o n  a c h i e v e d  
w i t h  t h i s  s e p a r a t o r  i s  a p p r o x i m a t e l y  10_lf f o r  t h e  FWHM ( M / A )  .
There  a r e  s e v e r a l  d i f f e r e n t  t y p e s  o f  a c c e l e r a t o r s . I n  g e n e r a l  t h e i r  
a d v a n ta g e s  a r e  h i g h  i o n  c u r r e n t  and hom o g en e i ty  o f  mass .  They a l s o  p r o v i d e  
the  m e a n s . t o  s e l e c t  t h e  e n e r g y  v e r y  a c c u r a t e l y .  T h e i r  d i s a d v a n t a g e s  a r e  t h e  
h i g h  c a p i t a l  and r u n n i n g  c o s t s  i n v o l v e d  and t h e i r  l a r g e  s i z e  and c o m p l e x i t y .  
The c o s t  r i s e s  s t e e p l y  w i t h  i n c r e a s i n g  e n e r g y  and i o n  c u r r e n t .
R a d i o a c t i v e  s o u r c e s  on the  o t h e r  hand  a r e  r e l a t i v e l y  cheap  and r e a d i l y  
a v a i l a b l e .  They a r e  a l s o  p h y s i c a l l y  s m a l l  and  can  be  . e a s i l y  accommodated i n  
any no rm a l  l a b o r a t o r y  e x p e r i m e n t .  T h e i r  d i s a d v a n t a g e s  a r e  low c o u n t i n g  r a t e s  
and t h e  maximum e n e r g y  i s  l i m i t e d  to  t h a t  o f  s p e c i f i c  decay  r e a c t i o n  em ployed .  
S lowing down th e  p a r t i c l e s ,  p r o v i d e s  i o n s  of  v a r i o u s  Lower‘e n e r g i e s , b u t  the  
c o n s e q u e n t  s c a t t e r i n g  may l e a d  t o  d i s p e r s i o n  o f  t h e  beam. A lso  n o n - u n i f o r m i t y  
o f  t h e  d e g r a d e r s  may c a u s e  u n d e s i r a b l e  e n e r g y  . s p r e a d s .
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For  t h e  p r e s e n t  work a 252Cf s p o n ta n e o u s  f i s s i o n  so u rc e  i s u s e d .
This  p r o v i d e s  i o n s  w i t h  a  r a n g e  o f  m asses  f rom 90 to  120 amu and from 
130 t o  160 amu. The' main  p ro b le m  e n c o u t e r e d  i s  t h a t  o f  d e f i n i n g  t h e  r e q u i r e d  
mass a c c u r a t e l y  - ■ I n  s e c t i o n  1 . 4 . 2  a  s y s te m  c a p a b l e  o f  p r o v i d i n g  t h i s
mass s e l e c t i o n  i s  d e s c r i b e d .
1 . 4 . 1  The 2 52Cf s ource.
C a l i f o r n i u m  i s  p ro d u ce d  by p r o lo n g e d  t h e r m a l  n e u t r o n  i r r a d i a t i o n  of  
2 ^5Pu.  I s o t o p e s  o f  2hkCf ,  25^Cf and 251Cf a r e  p roduce d  as w e l l  as  252Cf 
which i s  t h e n  s e p a r a t e d  f rom  o t h e r  e l e m e n t s  by c h e m ic a l  means .  The 252Cf 
i s  t h e n  e v a p o r a t e d  o n t o  a s u p p o r t i n g  b a c k i n g ,  u s u a l l y  s t a i n l e s s  s t e e l .
There  e x i s t  two modes o f  s p o n ta n e o u s  de c ay  f o r  252Cf,  t h a t  y i e l d i n g  a 
6 . 1 1  MeV a - p a r t i c l e  w i t h  a  h a l f - l i f e  o f  2 ,65 y e a r s  a i d  t h a t  o f  f i s s i o n  w i t h  
a h a l f - l i f e  of  85 y e a r s .  The dom inan t  mode i s  t h a t  o f  a - e m i s s i o n  which  
nccoun fs  fo r  96.9%. Thu decay scheme of  2f>2Cf i s  shown in f i g u r e  1 .7 .
The f i s s i o n  mode,  a l t h o u g h  o n ly  3.1% of  t h e  t o t a l  number  o f  d i s i n t e g r a ­
t i o n s ,  p r o v i d e s  a  u s e f u l  s o u r c e  o f  v e r y  heavy  i o n s ,  w i t h  a  wide mass r a n g e .  
F i g u r e  1 .8  shows th e  mass d i s t r i b u t i o n  o f  252Cf f i s s i o n .  I t  shows two p e a k s  
c o r r e s p o n d i n g  t o  m asses  o f  106 .4  and 141 .7  a to m ic  mass u n i t s  (amu) wh ich  a r e  
r e f e r r e d  to  i n  t h e  l i t e r a t u r e  as  ’m e d i a n ’ l i g h t  and  heavy  f r a g m e n t s .
1 . 4 . 2  The U t i l i z a t i o n  of  252Cf as  an i o n  s o u r c e
The use  of  t h i n  f i l m  s c i n t i l l a t o r s  as  t r a n s m i s s i o n  d e t e c t o r s ,  f i r s t  
r e p o r t e d  by Muga^9 , 1 0 \  e n a b l e s  t h e  d e s i g n  o f  a  s y s t e m  which  d e t e r m i n e s  t h e  
mass and e n e rg y  o f  a  f i s s i o n  p r o d u c t  b e f o r e  i t  i s  t o t a l l y  a b s o r b e d  i n  a 
n u c l e a r  d e t e c t o r .
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F i g u r e  1 .7  The decay  scheme o f  252Cf .
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F i g u r e  1 .8  The mass d i s t r i b u t i o n  o f  252Cf f i s s i o n  f r a g m e n t s  (D a ta  by 
S c h m i t t  e t  a l . C 28) ) .
-  24
A p5pCf  s o u rc e  on a v e ry  t h in  p l a s t i c  b a c k in g  e n a b le s  bo th  f i s s i o n  
f ra g m en ts  to  be c o l l e c t e d  s in c e  they  a r e  e m i t t e d  in  o p p o s i t e  d i r e c t i o n s  in  
o r d e r  to  c o n s e rv e  momentum ( s e e  f i g u r e  1 . 9 ) .  The two m asses  and o f  
th e  two f i s s i o n  f ra g m e n ts  a r e  r e l a t e d . b y
M = 252 -  M -  v  1 .11
2 1
w here v i s  th e  mean number o f  n e u t r o n s  e m i t t e d  p e r  f i s s i o n  (v = 3 .8 9  f o r  
252C f ) . • Thus i f  i s  d e te rm in e d  e x p e r i m e n t a l l y  t h e  v a lu e  o f  M • can be 
found from e q u a t i o n  l ' . l l .  F ig u re  1 .9  shows the  p r i n c i p l e  o f  m e a s u r in g  
by a t i m e - o f - f l i g h t  sy s te m  s e t - u p  on th e  r i g h t  hand s i d e ,  and  w hich 
i n c o r p o r a t e s  a  t h i n  f i l m  d e t e c t o r  (TFD 1) and a s u r f a c e  b a r r i e r  d e t e c t o r  (S B ) . 
M easurement o f  t h e  t i m e - o f - f l i g h t  b e tw een  th e  two d e t e c t o r s  a t  a  known 
d i s t a n c e  and th e  e n e rg y  o f  th e  p a r t i c l e  on a r r i v a l ,  E ■, e n a b le s  th e  
c a l c u l a t i o n  of  M .
2E .
Mi = ~ i  • x - 12v 1
where v  = ——
. 1
Thus th e  mass o f  th e  f i s s i o n  f ra g m e n t  on th e  l e f t  hand  s i d e ,  M2 , can  be 
c a l c u l a t e d  to  w i t h i n  an  u n c e r t a i n t y  o f  ± 1 amu, t h i s  l i m i t a t i o n  b e i n g  due 
to  th e  s p re a d  i n  v. A t i m e - o f - f l i g h t  sy s te m  i n c o r p o r a t i n g  two t h i n  f i l m  s c i n t i ­
l l a t o r s  as t r a n s m i s s i o n  d e t e c t o r s  e n a b le s  th e  m easurem ent o f  v 2 and th u s  t h e  
e n e rg y  of the  second  p a r t i c l e ,  i s  known, as w e l l  a s  th e  mass a f t e r  t h e  
p a r t i c l e  h as  p a s s e d  th ro u g h  TFD 3 ,  from  th e  e q u a t i o n
E = \  M v 2 1 .1 32 2 2 2
I t  i s  assumed h e r e  t h a t  th e  p a r t i c l e s  a r e  n o n - r e l a t i v i s t i c ,  and as  th e  
h i g h e s t  f i s s i o n  f ra g m e n t  v e l o c i t y  i s  ^  1 .3  cm/ns th e  a s su m p t io n  i s  v a l i d .
-  25 -
A s e l e c t i o n  o f  d i f f e r e n t  e n e r g i e s  ( v e l o c i t i e s )  may be o b t a i n e d  f o r  th e  ■ 
io n  by i n t e r p o s i n g  e n e rg y  d e g ra d e r s  o f  v a r i o u s  t h i c k n e s s e s  b e tw e en  t h e  
so u rc e  and TFD 2 ( s e e  f i g u r e  1 . 9 ) .  The same mass may th u s  be i n v e s t i g a t e d  a t  
d i f f e r e n t  e n e r g i e s .
I t  was the  i n t e n t i o n  a t  the  o u t s e t  o f  t h i s  work to  l a y  th e  ground-w ork  
f o r  e v e n t u a l  o p e r a t i o n  o f  su c h  a tw in  TOF s y s te m ,  b u t  due to  b o th  economic 
and p r a c t i c a l  l i m i t a t i o n s ,. e x p la i n e d  i n  th e  n e x t  s e c t i o n ,  t h i s  o b j e c t i v e  was 
n o t  a c h i e v e d .  Due to  th e  low c o u n t in g  r a t e s  in v o lv e d  u s in g  f i s s i o n  s o u rc e s  
t h i s  t}rpe o f  e x p e r im e n t  i s  b e s t  done v i a  m u l t i - p a r a m e t e r  sy s te m  ( m in i ­
com puter)  to  make th e  b e s t  u se  o f  the  a v a i l a b l e  p a r t i c l e  f l u x .
1 . 4 . 3  A s i m p l i f i e d  v e r s i o n  o f  th e  sy s te m
The m ost im p o r ta n t  d i s a d v a n t a g e s  o f  th e  sy s te m  d e s c r i b e d  i n  th e  p r e v i o u s  
s e c t i o n  a r e ,  a s  m e n t io n e d  ab o v e ,  th e  low c o u n t in g  r a t e s  a v a i l a b l e  w i th  a f i s s i o n  
s o u rc e  and th e  d i f f i c u l t y  o f  m a n u f a c tu r in g  a . t h i n  b a c k in g  s t r o n g  enough t o  
s u p p o r t  th e  w e ig h t  o f  th e  C a l i f o r n iu m  d e p o s i t e d  on i t  and t h i n  enough to  e n a b le  
th e  f ra g m e n ts  to  p e n e t r a t e  i t  w i t h o u t  s i g n i f i c a n t  e n e rg y  d e g r a d a t i o n  o r  
a b s o r p t i o n .  B ack ings  o f  t h i s  n a t u r e ,  a l t h o u g h  t e c h n i c a l l y  p o s s i b l e ,  a r e  
e x t r e m e ly  d i f f i c u l t  to  m a n u fa c tu re  and v e ry  f r a g i l e  and may e v e n t u a l l y  r u p t u r e  
due to  r a d i a t i o n  damage.
These two p ro b lem s  p rom pted  th e  d e s ig n  o f  a  s i m p l i f i e d  v e r s i o n  u s i n g  a 
252Cf s o u rc e  on a t h i c k  b a c k in g  and a s i n g l e - e n d e d  t i m e - o f - f l i g h L  s y s te m .  T h is
I .
may be used  to  i n v e s t i g a t e  th e  two m asses  c o r r e s p o n d in g  to  th e  two p e a k s  o f  
th e  mass d i s t r i b u t i o n .  The v a lu e s  f o r  th e  m asses  have  been  m easu red  by s e v e r a l  
a u th o r s  and th e y  a r e  w e l l  known. The c o u n t in g  r a t e s  a r e  a lw ays  t h e  maximum 
o b t a i n a b l e  from  th e  s o u rc e  s in c e  th e  p e a k s  o f  th e  i n t e n s i t y  d i s t r i b u t i o n  a r e
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s e l e c t e d .  A lso  th e  so u rc e  d e p o s i t e d  on a t h i c k  b a c k in g  e l i m i n a t e s  the  
p rob lem s a s s o c i a t e d  w i th  t h i n - b a c k i n g s . T h is  s i n g l e - e n d e d  v e r s i o n  i s  in  
a d d i t i o n  l e s s  c o s t l y  in  term s o f  th e  amount o f  e l e c t r o n i c  equ ipm en t  
r e q u i r e d .
The d i s a d v a n ta g e  i s  t h a t  th e  v a l u e s  o f  th e  peak  m asses  a r e  t a k e n  as  
known and no o t h e r  m asses  may be i n v e s t i g a t e d  s e l e c t i v e l y .  The s i m p l i f i e d  
v e r s i o n  o f  th e  a p p a r a tu s  i s  shown i n  f i g u r e  1 .1 0 .  The p h o t o m u l t i p l i e r  o f  
the  d e t e c t o r  a t  th e  end o f  th e  f l i g h t  p a th  where th e  t h i c k  s c i n t i .  L L a to r  in  
q u e s t i o n  i s  a t t a c h e d  p r o v id e s  two o u t p u t  s i g n a l s .  The anode s i g n a l ,  i s  u sed  
as a  t im in g  s i g n a l ,  i n  c o n ju n c t io n  w i th  th e  anode s i g n a l  o f  th e  t h i n  f i l m  
d e t e c t o r  t o  g iv e  a t i m e - o f - f l i g h t  s p e c t ru m .  From th e  two p e a k s  o f  th e  
d i s t r i b u t i o n  th e  v e l o c i t i e s  v^ and v ^  f o r  th e  ’m ed ia n ' l i g h t  and  heavy  
f ra g m e n ts  a r e  o b t a i n e d .  The e n e r g i e s  o f  t h e  f ra g m e n ts  may th u s  be c a l c u l a t e d  
assum ing  of  c o u rs e  know ledge o f  t h e  ’m ed ian ' l i g h t  and h eav y  f ra g m e n t  m a s s e s .
V t V ! *  ; Eh = h V  ^
The dynode s i g n a l  from th e  end d e t e c t o r ,  s u i t a b l y  a m p l i f i e d ,  p r o v id e s  
a  p u l s e ,  th e  h e i g h t  o f  w hich  i s  a m easu re  o f  i n t e g r a t e d  s c i n t i l l a t i o n  l i g h t  
i n c i d e n t  on th e  p h o to - c a th o d e  o f  th e  t u b e .  Thus s im u l ta n e o u s  m ea su rem e n ts  of 
p u l s e  h e i g h t  and c o r r e s p o n d in g  e n e rg y  a r e  o b t a i n e d  f o r  t h e  ’m e d ia n ’ l i g h t  
and heavy  f r a g m e n t s .
The dynode s i g n a l  from  th e  t h i n  f i l m  d e t e c t o r ,  s u i t a b l y  a m p l i f i e d  
p r o v id e s  a  p u l s e ,  th e  h e i g h t  o f  which i s  a  m easu re  o f  th e  s p e c i f i c  lu m in e ­
sc en c e  o f  th e  s c i n t i l l a t o r  ( d L /d x ) ,  p r o v id e d  th e  t h i n  f i l m  d e t e c t o r  i s  t h i n
enough to  be  c o n s id e r e d  as a Ax d e t e c t o r .
In  o r d e r  to  o b t a i n  a  r an g e  o f  e n e r g i e s ,  v a r i o u s  d e g r a d e r s  may be  i n t e r ­
posed  be tw een  th e  s o u rc e  and th e  t h i n  f i l m  d e t e c t o r .
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F ig u re  L.10 SehemaLic d iag ram  show ing the  s i n g l e - e n d e d  TOF s y s te m  
i n c o r p o r a t i n g  a 252Cf s o u rc e  on a t h i c k  b a c k in g .
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In  t h i s  c h a p t e r ,  t h e  p r i n c i p l e s  on w h ich  th e  d e s ig n  and c o n s t r u c t i o n  
o f  the  a p p a r a tu s  a r e  b a s e d ,  were o u t l i n e d .  The d e t a i l e d  d e s c r i p t i o n  o f  
th e  a p p a r a tu s  a n d , t h e  d e s ig n  p rob lem s e n c o u n te re d  a r e  d i s c u s s e d  i n  c h a p te r  2 , 
t o g e t h e r  w i th  the  m ethods o f  m in im is in g  s y s t e m a t i c  e r r o r s .  In  c h a p te r  3 th e  
e x p e r im e n ta l  m ethods f o r  m e a s u r in g  p u l s e  h e i g h t  and t i m e - o f - f l i g h t  a r e  
d e s c r i b e d .  In  c h a p te r  4 th e  d a t a  a n a l y s i s  i s  d e s c r i b e d  t o g e t h e r  w i th  th e  
c o r r e c t i o n s  and e r r o r  e s t i m a t e s .  The r e s u l t s  o b t a i n e d  a r e  p r e s e n t e d  i n  
c h a p t e r  5 .  In  c h a p te r  6 th e  p rob lem s o f  c a l c u l a t i n g  dE /dx  and t h e  e f f e c t i v e  
c h a rg e  ( t h e r e  a r e  no e x p e r i m e n t a l  d a t a  a v a i l a b l e  f o r  th e  f i s s i o n  f ra g m e n ts  i n  
th e  s c i n t i l l a t o r  m a t e r i a l s  u se d )  a r e  p r e s e n t e d  t o g e t h e r  w i th  c a l c u l a t i o n s  o f  
t h e s e  q u a n t i t i e s .  In  c h a p t e r  7 t h e  e x p e r im e n ta l  r e s u l t s  a r e  com pared w i th  
a v a i l a b l e  t h e o r i e s  and a new t h e o r y  b a s e d  on a ' v a r i a b l e  p a r t i c l e  t r a c k  r a d i u s '  
i s  s u g g e s t e d .  F i n a l l y  c o n c lu s i o n s  and s u g g e s t i o n s  f o r  f u r t h e r  work a r e  p r e s e n t e d  
i n  c h a p te r  8.
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CHAPTER 2
THE APPARATUS
2 .1  The Vacuum System
T h e r a n g e  o f  6 MeV a - p a r t i c l e s  i n  a i r ,  a t  S .T .P .  i s  o f  th e  o r d e r - o f
5 cm, and the  r a n g e  o f  f i s s i o n  f ra g m e n ts  i s  a b o u t  2 cm. C o n s e q u e n t ly  a 
vacuum o f  l e s s  th a n  10-3  t o r r  i s  needed  i n  o r d e r  t h a t  th e  f i s s i o n  f r a g ­
m ents may r e a c h  th e  end  o f  th e  t i m e - o f - f l i g h t  tu b e s  w i t h o u t  any s i g n i f i c a n t  
l o s s  o f  e n e rg y .
A p r e s s u r e  as low as 10” 3 t o r r  can e a s i l y  be o b t a i n e d  u s in g  a r o t a r y  
pump a lo n e .  T h is  p r e s s u r e  i s  u s u a l l y  a d e q u a te  f o r  i n v e s t i g a t i n g  heavy  io n s  
and the e n e rg y  l o s s  p e r  cm f o r  a 6 MeV a - p a r t i c l e  a t  t h i s  p r e s s u r e  i s  o f  th e  
o r d e r  o f  1 .6  x 10” 6 MeV. F o r  th e  p r e s e n t  work h ow ever ,  a p r e s s u r e  o f  l e s s  
th a n  10-l+ t o r r  was r e q u i r e d  b e c a u s e  th e  dynode r e s i s t o r  c h a in s  f o r  t h e  p h o to ­
m u l t i p l i e r  tu b e s  w ere  d e s ig n e d  t o  o p e r a t e  i n s i d e  t h e  vacuum and f o r  a i r  p r e s s u r e s  
i n  th e  ra n g e  10~lf -  10~2 t o r r  th e  v o l t a g e  b e tw e en  th e  p i n s  o f  t h e  b a r e  w i r i n g  
was c a u s in g  d i s c h a r g e s .  The e x a c t  p r e s s u r e  a t  w hich  t h i s  was o c c u r r i n g  was 
im p o s s ib l e  to  e s t a b l i s h  as t h i s  depended  i n  p a r t  on th e  v a lu e  o f  t h e  H.T. 
v o l t a g e  s u p p l i e d ,  and a l s o  on th e  d i s t a n c e  b e tw e en  th e  p i n s  and th e  n a t u r e  o f  
th e  s u r f a c e  o f  th e s e  p i n s .
In  o r d e r  to  r e a c h  p r e s s u r e s  low er th a n  10” 1* t o r r  a  d i f f u s i o n  pump was 
i n c o r p o r a t e d  t o g e t h e r  w i th  a r o t a r y  b a c k in g  pump. A l i q u i d  n i t r o g e n  c o ld  
t r a p  was a t t a c h e d  b e tw een  th e  s o u rc e  chamber and th e  d i f f u s i o n  pump i n  o r d e r  
to  m a i n t a i n  th e  chamber and th e  f l i g h t  tu b e s  c l e a n  o f  o i l  v a p o u r ,  t h a t  may 
e s c a p e  from  th e  o i l  d i f f u s i o n  pump ( s e e  f i g u r e  2 . 1 ) .  By a s y s te m  o f  v a lv e s  
th e  r o t a r y  pump had  a tw in  r o l e  b e in g  u sed  b o t h  f o r  ro u g h in g  th e  chamber
r z :
Vacuum
Chamber
Time o f  f l i g h t  tu b e
A i r  A d m i t t a n c e  V a lv e
P enn ing  
Gauge ^ P i r a n i  Gauge 1
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11.V. V alve
P i r a n i  Gauge 2
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Figure 2 .1 . Schematic diagram o f  the vacuum system.
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( b r i n g in g  the' p r e s s u r e  down from  a tm o s p h e r ic  to  1CT2 t o r r )  and s u b s e q u e n t ly  
as a b a c k in g  pump to  th e  d i f f u s i o n  pump. The d i f f u s i o n  pump may o n ly  pump 
from  th e  chamber once th e  p r e s s u r e  i s  be low  1CT2 t o r r .
A c o n t r o l  box was d e s ig n e d  and c o n s t r u c t e d  e n s u r i n g  t h a t  th e  d i f f u s i o n  
pump c a n n o t  be  o p e r a t e d  w i t h o u t  b o th  th e  b a c k in g  r o t a r y  pump i n  o p e r a t i o n  
and th e  c o o l in g  w a te r  i n  c i r c u l a t i o n .  T h is  was a c h ie v e d  by i n c o r p o r a t i n g  a 
p r e s s u r e  s w itc h '  to  t h e  w a t e r  l i n e  and a m ains r e l a y  w hich  o n ly  a l lo w s  th e  
power s u p p ly  to  th e  pump to  be on i f  th e  w a t e r  p r e s s u r e  i s  s u f f i c i e n t  f o r  
a d e q u a te  c o o l i n g .  R e d u c t io n  o f  th e  w a t e r  s u p p ly  t r i p s  th e  c i r c u i t  to  s h u t ­
down. A lso  tem p o ra ry  i n t e r r u p t i o n  o f  th e  power s u p p ly  l e a v e s  t h e  sy s te m  
s w i tc h e d  o f f ,  i n c l u d i n g  the  H.T. power s u p p ly  to  the  p h o t o m u l t i p l i e r s ,  u n t i l  
t h e  p r o p e r  s t a r t - u p  p r o c e d u r e  i s  f o l l o w e d .  I n  t h e  e v e n t  o f  a t r i p p e d  s h u t ­
down a m a g n e t ic  s o l e n o i d  a i r  a d m i t t a n c e  v a lv e  was a u t o m a t i c a l l y  c l o s e d ,  th u s  
e n s u r i n g  t h a t  th e  vacuum sy s te m  rem a ined  a t  low p r e s s u r e .  These p r e c a u t i o n s  
were n e c e s s a r y  as th e  low c o u n t in g  r a t e s  r e q u i r e d  lo n g  c o u n t in g  t im es  f o r  
s u f f i c i e n t  s t a t i s t i c s  ( o f  th e  o r d e r  o f  many h o u r s )  and so  i t  was n e c e s s a r y  f o r  
th e  a p p a r a tu s  to  f u n c t i o n  u n a t t e n d e d ,  som etim es o v e r n i g h t .
The b e s t  m a t e r i a l  f o r  c o n s t r u c t i n g  th e  cham ber, th e  p h o t o m u l t i p l i e r  
hous ings  and the  f l i g h t  tu b e s  i s  s t a i n l e s s  s t e e l ,  b e c a u s e  o f  i t s  s t r e n g t h ,  
vacuum p r o p e r t i e s  and n o n - c o r r o s i v e  p r o p e r t i e s ,  and t h i s  was i n  f a c t  u sed  
h e r e  f o r  th e  f l i g h t - t u b e s  and th e  p h o t o m u l t i p l i e r  h o u s in g s .  The f l i g h t  tu b e s  
and vacuum f l a n g e s  u sed  were o f  th e  i d e n t i c a l  s i z e  and p a t t e r n  to  th o s e  u s e d  
on th e  S u r re y  U n i v e r s i t y  Van d e r  G raa f  a c c e l e r a t o r  to  e n a b le  i n t e r c h a n g i n g  o f  
components and to  a l lo w  f o r  p o s s i b l e  u se  w i t h  a c c e l e r a t o r  p ro d u ce d  io n s  .
The chamber was m ach ined  from  a b lo c k  o f  s o f t  i r o n  to r e d u c e  c o s t s .  The 
vacuum gauge m a n i f o ld  was made o f  b r a s s ,  w h ich  i s  a l s o  a good m a t e r i a l  f o r
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vacuum work and i s  a l s o  e a s i e r  t o  m ac h in e .  P e r s p e x  was used  to  make th e  
s u p p o r t s  f o r  th e  s o u r c e ,  th e  d e t e c t o r s  and th e  d e g r a d e r s ;  a l l  t h e s e  compo­
n e n t s  f i t  i n s i d e  th e  s o u rc e  vacuum chamber.
2 .2  The Vacuum Chamber
Tne 252Cf s o u rc e  ( s e e  s e c t i o n  1 . 4 . 1 ) ,  on a t h i c k  s t a i n l e s s  s t e e l  b a c k in g ,  
was p l a c e d  on a p e r s p e x  b a s e  w h ich  was i n  t u r n  a t t a c h e d  to  an a lum in ium  b a r  
i n s i d e  th e  chamber ( s e e  f i g u r e  2 . 3 ) .  The p e r s p e x  b a s e  w i th  th e  s o u r c e  c o u ld  
i f  r e q u i r e d  s l i d e  a lo n g  th e  a lum inium  b a r  t o  any p o s i t i o n  w here i t  c o u ld  be 
lo c k e d  by means o f  a sc rew  a t t a c h e d .  The t e n  e n e rg y  d e g ra d e r  f i lm s  w ere  a l s o  
accommodated i n s i d e  t h e  cham ber. They w ere  m ounted on p e r s p e x  f ram es  a t t a c h e d  
on a b r a s s  c a r o u s e l  w i t h  tw e lv e  f i x e d  p o s i t i o n s  e q u a l l y  s p a c e d  ro u n d  th e  c i r c u l a r  
s u p p o r t  ( s e e  f i g u r e  2 . 2 ) .  The c a r o u s e l  was a t t a c h e d  t o  th e  top  f l a n g e  o f  th e  
chamber and by means o f  a vacuum f e e d th ro u g h  we w ere  a b l e  to  s e l e c t  one o f  th e  
tw e lv e  d e g ra d e r s  and p l a c e  i t  b e tw e en  th e  s o u rc e  and th e  o p e n in g  o f  th e  t im e -  
o f - f  l i g h t  t u b e ,  w i t h o u t  d i s t u r b i n g  th e  vacuum i n s i d e  th e  cham ber. One o f  t h e s e  
tw e lv e  e n e rg y  d e g ra d e r s  was s u f f i c i e n t l y  t h i c k  to  t o t a l l y  s to p  th e  f i s s i o n
• n r h # #f ra g m e n ts  and a - p a r t L c l e s  from th e  -Cf s o u rc e  and was used  f o r  i n v e s t i g a t i n g  
b a c k g ro u n d ;  a n o th e r  s u p p o r t  fram e h e ld  no d e g ra d e r  a t  a l l ,  i . e .  t h e  u n d e g ra d e d  
p a r t i c l e s  w ere  a l lo w e d  i n t o  th e  f l i g h t  t u b e s .  The m a n u fa c tu re  o f  th e  t h i n  
f i l m  d e t e c t o r s  and d e g ra d e r  f i l m  w i l l  be  d e a l t  w i t h  i n  s e c t i o n  2 . 3 . 1 .
2 .3  The T hin  F i lm  T ra n s m is s io n  D e t e c t o r
T hin  s i l i c o n  s u r f a c e - b a r r i e r  t r a n s m i s s i o n  d e t e c t o r s  have  b e e n  u se d  i n
t i m e - o f - f l i g h t  w ork , b u t  th e y  a r e  v e ry  e x p e n s i v e ,  d i f f i c u l t  t o  c o n s t r u c t  and 
a l s o  v e ry  d e l i c a t e .  I n  t h i s  work t h i n  p l a s t i c  s c i n t i l l a t o r s  w ere  u se d  f o r  
th e y  a r e  much c h e a p e r  and th e  m a t e r i a l s  a r e  e a s i l y  a v a i l a b l e .  I n  a d d i t i o n  th e y  
a r e  a  l o t  e a s i e r  to  p r e p a r e  and c h e a p e r  to  r e p l a c e  i f  damaged. The v o l t a g e  
p u l s e s  o b t a in e d  w i t h  s c i n t i l l a t o r s  have  Compcuraiile./  r i s e - t i m e s  th a n  t h o s e  o b t a i n e d
F i g u r e  2 . 2  P h o to g ra p h  of  the  upper  f ictnge o f  the  vacuum 
chamber w i t h  t h e  c a r o u s e l  a t t a c h e d .
F i g u r e  2 . 3  The i n s i d e  o f  the  vacuum chamber showing th e  s o u r c e  
a t t a c h e d  t o  t h e  h o l d e r  i n  p o s i t i o n .
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w i th  s i l i c o n  s u r f a c e  b a r r i e r  d e t e c t o r s  th u s  g i v in g  c e r t a i n  p l a s t i c  
s c i n t i l l a t o r s  .^ero4 f a s t  t im in g  c h a r a c t e r i s t i c s .  I t  m ust be p o in te d -  
o u t ,  how ever ,  t h a t  p r e s e n t  day f a s t  e l e c t r o n i c  m ethods have made s u r f a c e  
b a r r i e r  AE d e t e c t o r s ,  a b e t t e r  - p r o p o s i t i o n  and th e  b e s t  tim e r e s o l u t i o n s  
i n  t i m e - o f - f l i g h t  work r e p o r t e d ^ 49) a r e  a c h ie v e d  u s in g  such  d e t e c t o r s .
An a d d i t i o n a l  r e a s o n  f o r  u s in g  a t h i n  f i l m  p l a s t i c  s c i n t i l l a t o r  as 
a t r a n s m i s s i o n  d e t e c t o r  i s  t h a t  t h e  s e t - u p  d e s c r i b e d  i n  c h a p t e r  1 e n a b le s  
th e  s im u l ta n e o u s  m easurem ent o f  t i m e - o f - f l i g h t ,  t o t a l  l i g h t  o u t p u t  and 
dL /dx , th e  s p e c i f i c  lu m in esc e n c e  o f  th e  t h i n  s c i n t i l l a t o r  as a  f u n c t i o n  o f  
e n e rg y .  The p u l s e  h e i g h t  o f  th e  s i g n a l  from th e  t h i n  f i l m  d e t e c t o r  i s  
tak e n  as p r o p o r t i o n a l  to  dL/dx p ro v id e d  th e  d e t e c t o r  i s  made t h in  enough .
A t h i n  s c i n t i l l a t o r  s u i t a b l e  f o r  u se  as a  t r a n s m i s s i o n  d e t e c t o r  i n  
t i m e - o f - f l i g h t  a p p a r a t u s ,  m ust be t h i n  enough to  a b so rb  as l i t t l e  e n e rg y  
as p o s s i b l e ,  b u t  t h i c k  enough to  p ro d u ce  enough l i g h t  f o r  th e  p u rp o s e  o f  
a c c u r a t e l y  t im in g  th e  p a s s a g e  o f  th e  p a r t i c l e .  S u i t a b l e  t h i n  p l a s t i c  s c i n ­
t i l l a t o r s  have  been  m a n u fa c tu re d  by Muga^9 **9 ) and t h e i r  t h i c k n e s s  was o f  
th e  o r d e r  o f  400 yg/cm 2 . The d e t e c t o r  u sed  f o r  m ost o f  t h i s  work was much 
t h i n n e r  b e in g  o f  th e  o r d e r  o f  50 yg/cm 2 . The v a lu e  f o r  th e  t h i c k n e s s  was 
o b t a i n e d  by m e a s u r in g  th e  e n e rg y  l o s s  o f  6 .1 1  MeV a - p a r t i c l e s  ( f ro m  th e  
252Cf s o u rc e )  i n  g o in g  th ro u g h  th e  d e t e c t o r  and u s in g  th e  v a lu e  o f  0 .6  KeV/ 
(yg /cm 2) ,  as  th e  s to p p i n g  pow er^ 31) . The v a lu e s  o f  dE /dx  o f  m edian
A s i l i c o n  S .B . AE d e t e c t o r  o f  30 ym t h i c k n e s s  and 25 mm2 a r e a  has  
a r i s e  t im e  o f .& n s ^ 9  ^ compared t o  1 .9  ns  f o r  KL 236 p l a s t i c  s c i n t i l l a t o r .
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l i g h t  and heavy  f ra g m e n ts  a t  9 5 .7 6  and 72 .84  MeV r e s p e c t i v e l y  i n  p l a s t i c  a r e
73 .4  and 77 .4  MeV/(mg/cm2) . Thus th e  e s t i m a t e d  e n e rg y  l o s s  from  th e  50 yg/cm 2 
TFD i s  3 .6 7  MeV f o r  'm e d ia n '  l i g h t  f ra g m e n ts  and 3 .7 7  MeV f o r  'm e d ia n '  heavy  
f ra g m e n ts .
2 . 3 . 1  P r e p a r a t i o n  o f  t h i n  p l a s t i c  f i lm s
The method u sed  f o r  th e  p r e p a r a t i o n  o f  th e  t h i n  p l a s t i c  s c i n t i l l a t o r  
and th e  t h i n  p l a s t i c  d e g r a d e r s  i s  t h a t  d e s c r i b e d  by Muga^11) .  B r i e f l y ,  a 
s o l u t i o n  i s  made o f  50 ml o f  e t h y l  a c e t a t e  and 4 ml o f  emyl a c e t a t e ;  6 . 0  gm 
o f  p l a s t i c  s c i n t i l l a t o r ,  i n . t h e  fo rm  of  c h i p s ,  i s  added  to  th e  s o l u t i o n .
Muga u sed  NE 102 p l a s t i c  s c i n t i l l a t o r .  I n  t h i s  work we u s e d ,  i n  s u c c e s s i o n  
KL 236, KL 211 and EPS 9 p l a s t i c  s c i n t i l l a t o r s   ^ The EPS 9 i s  an e x p e r i ­
m en ta l  s c i n t i l l a t o r  ( from  K o c h -L ig h t  L a b o r a t o r i e s )  w hich i s  s p e c i a l l y  made f o r  
u se  i n  l i q u i d  fo rm . I t  was found" t h a t  t h e  EPS 9 s c i n t i l l a t o r  i n  t h i n  f i lm s  
p ro v id e d  a l i g h t  o u t p u t  p u l s e  ro u g h ly  f o u r  t im es  h i g h e r  th a n  e i t h e r  o f  the  
o t h e r  two, f o r  th e  same e n e rg y  l o s s . Thus EPS 9 was u sed  f o r  th e  p r e p a r a t i o n  
o f  th e  t h i n  f i l m  d e t e c t o r  (TFD) w hich  was s u b s e q u e n t ly  u sed  f o r  th e  m a jo r  p a r t  
o f  th e  work.
The m ix tu re  was a l lo w e d  to  s t a n d ,  w i t h  o c c a s i o n a l  s t i r r i n g  u n t i l  t h e  
p l a s t i c ,  s c i n t i l l a t o r  c h ip s  w ere  f u l l y  d i s s o l v e d .  I t  was t h e n  a l lo w e d  to  s t a n d  
f o r  s e v e r a l  h o u r s  f o r " t h e  s o l u t i o n  t o  b e c o me  u n i f o r m .  I n  o r d e r  t o  f o r m  t h e  
f i l m ,  a g l a s s  b e a k e r  30 cm i n  d ia m e te r  and 10 cm i n  d e p th  was p a r t i a l l y  f i l l e d  
w i t h  w a te r ;  when th e  w a te r  was s t i l l ,  a  drop o f  th e  s o l u t i o n  was r e l e a s e d  j u s t  
above th e  w a te r  s u r f a c e  by means o f  a  p i p e t t e .  The drop  s p r e a d  q u i c k l y  u n t i l  
c o n t a c t  was made w i t h  th e  e d g e s  o f  th e  g l a s s  and a s o l i d  f i l m  a p p e a r e d  as t h e
( * )  * • ‘KL i s  s h o r t  f o r  K o c h -L ig h t  L a b o r a t o r i e s .  These s c i n t i l l a t o r s  a r e
c o m m e rc ia l ly  a v a i l a b l e  from  th e  m a n u f a c t u r e r s :  K o c h -L ig h t  L a b o r a t o r i e s ,  
n
C o lb ro o k ,  U.K.
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s o l v e n t  was a b s o rb e d  i n  th e  w a t e r ,  o r  e v a p o r a t e d .  S e v e ra l  a t t e m p t s  were 
n e c e s s a r y  i n  o r d e r  to  a c h ie v e  a u n i fo rm  t h i n  f i l m  on th e  w a te r  s u r f a c e .
U n i fo rm i ty  i s  e v i d e n t  when th e  i n t e r f e r e n c e  c o lo u r  p a t t e r n  i s  i d e n t i c a l  
o v e r  a l a r g e  enough a r e a .  The f i l m  was l i f t e d  from th e  w a t e r  by means o f  a 
p e r s p e x  h o l d e r .  The p l a s t i c  f i l m  was a l lo w e d  to  d ry  on i t s  p e r s p e x  s u p p o r t  
a nd , once  d r i e d ,  i t  r em a in e d  i n  p l a c e .
The t h i n  p l a s t i c  f i l m s  u sed  as d e g ra d e r s  w ere  p r e p a r e d  i n  a v e ry  s i m i l a r  
f a s h i o n .  The s o l u t i o n  was p r e p a r e d  by d i s s o l v i n g  4 gms o f  VYNS^12  ^ i n  c y c lo -  
hexanone s o l v e n t .  The s o l u t i o n  was a l lo w e d  to  s t a n d  f o r  24 h o u r s  to  a l lo w  
th e  und i s s o l v e d  r e s i d u e  to  p r e c i p i t a t e  and a drop was th e n  a l lo w e d  to  f a l l  
on th e  s u r f a c e  o f  w a te r  as i n  t h e  c a s e  o f  th e  s c i n t i l l a t o r  f i l m s .  The s o l i d  
p l a s t i c  f i lm s  w ere  l i f t e d  o f f  th e  s u r f a c e  on a lum in ium  r i n g s  and  w ere  a l lo w e d  
to  d ry  f o r  s e v e r a l  h o u r s ,  b e f o r e  m e a s u r in g  t h e i r  t h i c k n e s s  by a - p a r t i c l e  e n e rg y  
l o s s  and i n c o r p o r a t i n g  them i n t o  th e  a p p a r a t u s .  The t h i n  f i l m  a d h e re s  to  
a lum in ium  as  e a s i l y  as  o n to  p e r s p e x .
A p a r t  from  th e  p ro b le m  of e n s u r i n g  u n i fo rm  t h i c k n e s s ,  an a d d i t i o n a l  
d i f f i c u l t y  was t h a t  t h e s e  f i lm s  w ere  v e ry  f r a g i l e  and ex tre m e  c a r e  was n e c e s s a r y  
i n  o r d e r  t o  a v o i d  c a u s i n g  c r a c k s  o r  b o l e s  i n  t h e m .
2 . 3 .2  L ig h t  c o l l e c t i o n
There  were two d i f f e r e n t  d e s ig n s  o f  th e  f i l m  s u p p o r t  and l i g h t  c o l l e c t i o n  
sy s te m . The f i r s t  o n e ,  p r o p o se d  by Muga(9 >10) c o n s i s t e d  o f  two h e m i - c y l i n d r i c a l  
p e r s p e x  l i g h t  g u id e s  w i th  th e  t h i n  f i l m  sandw iched  be tw een  them ( s e e  f i g u r e  2 . 4 a ) .  
The two h a lv e s  w ere  h e ld  t o g e t h e r  by means o f  a p l a s t i c  band  and w ere  s u r r o u n d e d  ' 
by a lum in ium  f o i l  f o r  l i g h t  c o l l e c t i o n .  The d e t e c t o r  and  s u p p o r t s  w ere  th e n  
a t t a c h e d  to  th e  p h o t o m u l t i p l i e r  tu b e  u s in g  h ig h  vacuum o p t i c a l  g r e a s e .  T here  
were p rob lem s i n  a l i g n i n g  th e  h o l e s  th ro u g h  th e  two p e r s p e x  p i e c e s  w i t h  t h e
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c e n t r a l  a x i s  o f  th e  f l i g h t  tu b e  w i t h o u t  damaging th e  d e t e c t o r  i n  th e  p r o c e s s .  
To overcome t h i s  a  s i n g l e  h e m i - c y l i n d r i c a l  l i g h t  p i p e  s u p p o r t i n g  th e  t h i n  
f i l m  d e t e c t o r  was employed h e ld  i n  p o s i t i o n  by means o f  foam r u b b e r  p r e s s e d  
a g a i n s t  th e  en d  f l a n g e  ( s e e  f i g u r e  2 . 4 ( b ) ) .  The f i l m  was l i f t e d  o f f  th e  
w a te r  s u r f a c e  by th e  h e m i - c y l i n d r i c a l  l i g h t  p ip e  and  when d r i e d  th e  f i l m  
re m a in e d  s tu c k  on th e  l i g h t  p i p e .
The l i g h t  g e n e r a t e d  in  th e  t h i n  s c i n t i l l a t o r  i s  l e d  to  th e  p h o t o - c a th o d e
* .
l a r g e l y  by t o t a l  i n t e r n a l  r e f l e c t i o n s  w i t h i n  th e  f i l m .  To e n s u r e  good l i g h t  
c o l l e c t i o n  a good o p t i c a l  c o n t a c t  o f  th e  p e r s p e x  f i l m  h o l d e r  to  th e  p h o t o ­
c a th o d e  i s  r e q u i r e d .  The p e r s p e x  s u r f a c e  i n  c o n t a c t  w i th  t h e  f i l m  m ust be  
c a r e f u l l y  p o l i s h e d  and th e  f i l m  i t s e l f  w i t h o u t  w r i n k l e s ,  h o l e s  o r  c r a c k s .
T h is  sy s te m  was em ployed o n ly  i n  p r e l i m i n a r y  w o r k ( 13)a n d  e v e n t u a l l y  a n o th e r  
much s u p e r i o r  sy s te m  was d e s ig n e d .
In  th e  seco n d  d e s ig n  th e  d e t e c t o r  was s i m i l a r  to  t h a t  u se d  by  G elbke  e t  
a l . O ' 4.*. The s c i n t i l l a t o r  f i lm  was s u p p o r t e d  by a p e r s p e x  r i n g  w hich  was 
p l a c e d  i n s i d e  a h e m i s p h e r i c a l  a lum in ium  m i r r o r  ( s e e  f i g u r e  2 . 5 ( a ) ) .  A h o l e  
th ro u g h  th e  s i d e  a l lo w s  th e  p a r t i c l e s  t o  p e n e t r a t e  t h e  s c i n t i l l a t o r  a t  r i g h t  
a n g l e s .  The l i g h t  g e n e r a te d  i s  c o l l e c t e d  o u t s i d e  the  d e t e c t o r  and n o t  i n s i d e  
i t  a s  b e f o r e .  The e f f i c i e n c y  o f  l i g h t  c o l l e c t i o n  depends on th e  r e f l e c t i v i t y
T h is  i s  t h e  c o n c lu s io n  Muga(10) came to  from  h i s  own o b s e r v a t i o n s .  T h e re  
a r e  c o n s id e r a b l e  d o u b ts  however as  t o  w h e th e r  a  s i g n i f i c a n t  f r a c t i o n  o f  
the  l i g h t  p roduced  t r a v e l s  th ro u g h  th e  T .F .D .  to  th e  tube  as  opposed  to  
t r a v e l l i n g  o u t  o f  the  f i l m  and i n t o  th e  tube  v i a  th e  p e r s p e x  s u p p o r t .
TF
D
-  38 -
O
44
r-4
X0)Cu <u 
CO d  $4 *H0) d
d, so
424-1
E
3 444-J O
CO
>4 CU
CO d• r4
d COo
• i-4 CU4-1 d
u d
CU 4—-i
t—1 d-r—4
o cu
a 42j-i
4-1
42 dbO o
•r4
r—4 Q
p4
d H
CU
•r4 cu•4-4 42
•r4 44
1-4
I" 4244
•H
CO £
cuu
dso
•r4p4
4-1
42
bO•H
X
a;
a  cu
CO d$-4 *Hcu 3 
CL, bO
CU
4 2
4-1
•  r-l
&
Ea)
4-1
CO
CO
6O
•r4
4-1CJ
<u
oa
4-1
42
bO
•i—{iJ
x
a)Cu
COd
a)
Cu
o
5
cu
42
CU42
d
<U42a
• r-l
*3
dcO
CO
OP4H
CUd
dso•r4
li
gh
t 
gu
id
es
. 
li
gh
t 
gu
id
e.
-  39 -
of th e  m i r r o r  m a t e r i a l s  and on th e  c o n d i t i o n  o f  t h e  r e f l e c t i n g  s u r f a c e .  The 
s t a t e  o f  th e  t h i n  s c i n t i l l a t o r  s u r f a c e  i s  n o t  so  i m p o r t a n t .  An a lum in ium  
m i r r o r  was u se d  h e r e ,  as  a lum inium  g iv e s  a  good r e f l e c t i v i t y  o v e r  a  w ide  r a n g e  
of l i g h t  w a v e l e n g t h s . The m i r r o r  was c o n s t r u c t e d  o u t  o f  a  s o l i d  b lo c k  o f  
a lum in ium . .
In d e s ig n i n g  the m i r r o r  the  im p o r ta n t  p a ra m e te r s  were the  r a d i u s  o f  
c u r v a t u r e  and th e  s i z e  o f  th e  h o l e  f o r  t h e  p a s s a g e  o f  th e  i o n s .  The s i z e  o f  
th e  a r e a  c u t  o u t  by t h e  h o l e  m ust  b e  s m a l l  com pared to  th e  t o t a l  a r e a  o f  t h e  
m i r r o r ,  so  t h a t  m ost o f  th e  l i g h t  i s  r e f l e c t e d  b a c k  i n t o  t h e  p h o t o m u l t i p l i e r .
Too s m a l l  a  h o l e  how ever s e r i o u s l y  r e d u c e s  th e  a c c e p ta n c e  a n g le  and h e n c e  th e  
c o u n t in g  r a t e .  S in c e  t h e  r a d i u s  o f  c u r v a t u r e  o f  th e  m i r r o r  m ust be much 
g r e a t e r  th a n  th e  r a d i u s  o f ,  th e  h o l e ,  th e  r a d i u s  o f  c u r v a t u r e  m ust  be as b i g  as 
p o s s i b l e .  The u p p e r  l i m i t  on th e  r a d i u s  o f  c u r v a t u r e  o f  t h e  m i r r o r  i s  s e t  by  
th e  u s e f u l  a r e a  o f  th e  p h o to - c a th o d e  o f  t h e  p h o t o m u l t i p l i e r  t u b e .  F o r  b e s t  
t im in g  r e s u l t s  how ever ,  i t  i s  d e s i r a b l e  t h a t  the  l i g h t  be i n c i d e n t  on th e  
c e n t r a l  a r e a  o f  th e  p h o to - c a th o d e  so t h a t  th e  t r a n s i t - t i m e  s p r e a d  o f  th e  p h o t o ­
e l e c t r o n s  i s  minimum. Thus f o r  minimum t r a n s i t  t im e  s p r e a d  t h e  r a d i u s  o f  
c u r v a t u r e  m u st  be  as s m a l l  as p o s s i b l e  t o  a l lo w  th e  l i g h t  t o  f a l l  o n ly  on th e  
c e n t r a l  r e g i o n  o f  t h e  p h o t o - c a th o d e .
As a compromise be tw een  th e  two c o n t r a d i c t i n g  r e q u i r e m e n ts  th e  r a d i u s  o f  
c u r v a t u r e  was made s l i g h t l y  s m a l l e r  th a n  t h e  p h o t o m u l t i p l i e r  r a d i u s  ( 2 .2 2  cm 
i n s t e a d  o f  2 .5 4  cm) and th e  d i a m e te r  o f  t h e  h o l e  was made e x a c t l y  h a l f  th e  
r a d i u s  o f  c u r v a t u r e .  The c e n t r e  o f  th e  h o l e  was d e s ig n e d ,  f o r  b e s t  r e s u l t s ,  
h a l f - w a y  b e tw e en  th e  c e n t r e  o f  c u r v a t u r e  and th e  fo cu s  ( s e e  f i g u r e  2 . 5 ( a ) ) .  T hus ,  
as m ost p a r t i c l e s  a r e  c o l l i m a t e d  to  p a s s  th ro u g h  th e  c e n t r e  o f  th e  h o l e ,  th e  l i g h t  
p ro d u ced  w i l l  b e  m o s t ly  r e f l e c t e d  to w ard s  th e  c e n t r e  o f  t h e  p h o t o - c a t h o d e .
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Due to  a  w orkshop e r r o r  d u r in g  th e  c o n s t r u c t i o n  o f  th e  m i r r o r ,  th e  
h o l e  was made a l o t  c l o s e r  to  the  top o f  th e  h e m i - s p h e r i c a l  m i r r o r  ( s e e  
f i g u r e  2 . 5 ( b ) ) .  The f r a c t i o n a l  a r e a  c u t  o u t  by  th e  h o l e  was th u s  g r e a t e r  and 
th e  l i g h t  c o l l e c t i o n  e f f i c i e n c y  was r e d u c e d .  A lso  some of  t h e  l i g h t  t r a v e l l i n g  
o r i g i n a l l y  to w ard s  th e  top  was r e f l e c t e d  to w a rd s  th e  o u t e r  edge  o f  t h e  p h o t o ­
c a th o d e ,  th u s  i n c r e a s i n g  th e  t r a n s i t  t im e  s p r e a d .  A c o r r e c t l y  c o n s t r u c t e d  
m i r r o r  was made a v a i l a b l e  s e v e r a l  months l a t e r ,  b u t  by th e n  th e  tim e  a l l o c a t e d  
f o r  th e  c o l l e c t i o n  o f  d a t a  had  ru n  o u t  and th e  e x p e r im e n ts  w ere  n o t  r e p e a t e d .
The h e m i - s p h e r i c a l  m i r r o r  sy s te m  u s e d ,  gave an im provem ent i n  l i g h t  
c o l l e c t i o n  o f  a t  l e a s t  a  f a c t o r  o f  2 ,  compared to  t h e  s i n g l e  h e m i - c y l i n d r i c a l  
l i g h t  p i p e  sy s te m  u s e d  f o r  th e  f i r s t  p a r t  o f  th e  w o rk (13) ,  t a k i n g  i n t o  a c c o u n t  t h e  
d i f f e r e n t  d e t e c t o r  f i l m  t h i c k n e s s e s .
2 .4  The P h o t o m u l t i p l i e r s
P h o t o m u l t i p l i e r s  c o n v e r t  i n c i d e n t  l i g h t  i n  t h e  v i s i b l e ,  i n f r a r e d  and
O O
u l t r a v i o l e t  r e g i o n s  (2000 A -  6500 A) i n t o  e l e c t r i c a l  s i g n a l s  by  u s i n g  th e  
phenomenon o f  p h o to e m is s io n ^ a n d  th e n  a m p l i f y  t h e  s i g n a l s  by  means o f  s e c o n d a ry  
e m is s io n  a t  th e  d y n o d e s .
An id e a l  p h o to - c a th o d e  has a quantum e f f i c i e n c y  o f  1007, i . e .  e v e ry  
i n c i d e n t  p h o to n  r e l e a s e s  one p h o t o e l e c t r o n .  A l l  p r a c t i c a l  p h o t o e m i t t e r s  have  
quantum e f f i c i e n c i e s  s u b s t a n t i a l l y  be low  100%-. A lso  th e  s e n s i t i v i t y  o f  th e  
p h o to - c a th o d e  v a r i e s  w i t h  th e  f r e q u e n c y  o f  th e  i n c i d e n t  r a d i a t i o n .  T h is  i s  
n o r m a l ly  d e s c r i b e d  by  means o f  a s p e c t r a l - r e s p o n s e  c u rv e  show ing th e  a b s o l u t e  
s e n s i t i v i t y  i n  mA/watt as  a  f u n c t i o n  of t h e  w a v e le n g th  ( s e e  f i g u r e  2 . 6 ) .  The 
p h o to - c a th o d e s  m ost commonly u se d  a r e  s i l v e r - o x y g e n - c a e s i u m  ( A g - 0 - C s ) , C aes ium - 
a n t in o n y  (C s3S b ) ,  m u l t i a l k a l i  o r  t r i a l k a l i ,  and  b i a l k a l i  (K^Cs Sb) ,  T a b le  I  o f  
R e fe re n c e  15 shows th e  most' im p o r ta n t  p h o to - c a th o d e  and t h e i r  c h a r a c t e r i s t i c s .  ’
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2 . 4 . 1  The c h o ic e  o f  a  p h o t o m u l t i p l i e r
The m ost s u i t a b l e  p h o t o m u l t i p l i e r  f o r  a  p a r t i c u l a r  a p p l i c a t i o n  may be 
ch o sen  by r e f e r e n c e  to  t h e  b a s i c  p e r fo rm a n c e  c h a r a c t e r i s t i c s  o f  e a c h  tu b e .
In g e n e r a l  the  d e s i r a b l e  f e a t u r e s  o f  a p h o t o m u l t i p l i e r  tube  a r e ,  h ig h  s e n s i ­
t i v i t y  f o r  the  l i g h t  s o u rc e  b e in g  s t u d i e d ,  low d a rk  c u r r e n t ,  good p h o to ­
c a th o d e  u n i f o r m i t y  and in  th e  c a s e  o f  t im in g  a p p l i c a t i o n s  low t r a n s i t  time 
s p r e a d .
The d a rk  c u r r e n t  i s  th e  c u r r e n t  w hich  f low s  i n  th e  tu b e  when th e  tu b e  i s  
o p e r a t e d  i n  t o t a l  d a rk n e s s  and i t  r e s u l t s  p r e d o m in a n t ly  from  th e r m io n ic  
e m is s io n  o f  e l e c t r o n s  from  th e  p h o to - c a th o d e  and to  a  l e s s e r  e x t e n t  f ro m  t h e  
dynodes .  I t  may a l s o  r e s u l t  from  i m p e r f e c t  i n s u l a t i n g  p r o p e r t i e s  o f  th e  g l a s s  
s tem , th e  s u p p o r t i n g  members o r  th e  b a s e .  R e g e n e ra t iv e  e f f e c t s  may be  t r i g g e r e d  
by the  e l e c t r o s t a t i c  p o t e n t i a l s  a c r o s s  th e  g l a s s  w a l l s  s u r r o u n d in g  th e  p h o t o ­
c a th o d e  and dynode s t r u c t u r e  r e g i o n .  Thus i t  i s  d e s i r a b l e  to  m a i n t a i n  th e  
o u t e r  w a l l s  o f  th e  P.M. e n v e lo p e  n e a r  c a t h o d e ’p o t e n t i a l . When p h o t o m u l t i p l i e r s  
w i th  b i a l k a l i  p h o to - c a th o d e s  a r e  exposed  to  a m b ie n t  l i g h t ,  even  w i t h o u t  any 
v o l t a g e  a p p l i e d  th e y  e x h i b i t  a  tem p o ra ry  i n c r e a s e  i n  d a rk  c u r r e n t  and n o i s e  by
as  much as 3 o r d e r s  o f  m a g n i tu d e ,  w hich  p e r s i s t s  from  6 to  24 h o u r s .  I t  i s  
*
im p e r a t iv e  t h e r e f o r e  a lw ays  to  c a r r y  o u t  m o d i f i c a t i o n s  i n  a d a rk  room when 
w ork ing  w i th  th e s e  t u b e s .
The p u l s e  h e i g h t  r e s o l u t i o n ,  m easured  as th e  f u l l  w id th  a t  h a l f  maximum 
(F.W.H.M.) i s  a l s o  an  im p o r ta n t  p r o p e r t y  b e c a u s e  i t  i n d i c a t e s  th e  a b i l i t y  
of  the  tu b e  to  d i s c r i m i n a t e  be tw een  p u l s e s  o f  v a r i o u s  h e i g h t s .  As a s t a n d a r d  
t e s t  a s o u rc e  o f  Cs137 e m i t t i n g  y - r a y s  o f  0 .6 6 2  MeV was u se d  w i th  a  N a l ( T l )  
s c i n t i l l a t o r  a t t a c h e d  to  t h e  t u b e .  The F.W.H.M. as  a  p e r c e n ta g e  o f  th e  c h a n n e l  
number a t  w hich  th e  peak  a p p e a r s  i s  a  m easu re  o f  p u l s e - h e i g h t  r e s o l u t i o n .
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F o r  t im in g  a p p l i c a t i o n s ,  t h e : anode p u l s e  r i s e - t i m e  m ust be  as s h o r t  
as p o s s i b l e .  T h is  depends on th e  anode c a p a c i t a n c e  w i t h  r e s p e c t  to  g ro u n d ,  
and on th e  anode lo a d  r e s i s t o r  b e in g  em ployed ( s e e  f i g u r e  2 . 7 ) .  Even more 
im p o r ta n t  t h e  e l e c t r o n  t r a n s i t  t im e  s p r e a d ,  d e f in e d  as  th e  t im e  i n t e r v a l  
be tw een  th e  h a l f - a m p l i t u d e  p o i n t s  o f  th e  o u t p u t  p u l s e  a t  t h e  anode t e r m i n a l ,  
must be as  sm a l l  as  p o s s i b l e .
The p h o to - c a th o d e  e f f i c i e n c y ,  a p a r t  from d e te r m in in g  th e  p u l s e  h e i g h t  
r e s o l u t i o n ,  a l s o  a f f e c t s  th e  tim e r e s o l u t i o n .  To i l l u s t r a t e  t h i s ,  c o n s i d e r  
a tu b e  w i th  R as  th e  a v e ra g e  number o f  p h o t o e l e c t r o n s  r e l e a s e d  p e r  d e t e c t e d  
e v e n t .  I f  an  e v e n t  t a k e s  p l a c e  a t  t im e  t  = 0 ,  th e n  th e  d e t e c t i o n  o f  t h e  n t h  
p h o t o e l e c t r o n  t a k e s  p l a c e  a t  t im e  t  g iv e n  b y ( 16)
n r n+1
~R~ 1 + , 2R , H- .  * ,
w here t i s  th e  decay  t im e  o f  t h e  s c i n t i l l a t o r .  I n  o m i t t i n g  h i g h e r  te rm s o f  
th e  s e r i e s  i t  i s  assumed t h a t  n «  R. The v a r i a n c e  o f  t  i s  g iv e n  by
At = —  
R2
2 . 2
T ak ing  i n t o  a c c o u n t  t h e  t r a n s i t  t im e  s p r e a d  o f  th e  tu b e  a ,  we o b t a i n
2 .3
F o r  At = minimum n g iv in gT
At . = ——min R 2 .4
Thus th e  d e s i r a b l e  f e a t u r e s  a r e  s h o r t  decay  tim e x , f o r  th e  s c i n t i l l a t o r ,  
low t r a n s i t  t im e  a f o r  t h e  tu b e  and  h i g h  R, i . e .  h ig h  quantum  e f f i c i e n c y .
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The p h o t o m u l t i p l i e r  chosen  f o r  t h e  p r e s e n t  work was th e  RCA 85 75 
w h ich  has  a  b i a l k a l i  p h o t o - c a th o d e  w i th  a  quantum  e f f i c i e n c y  o f  31% a t  
3850 k  (.96 m A/watt) , a  p y r e x  window and an i n - l i n e  e l e c t r o s t a t i c a l l y  
fo c u s s e d  c o p p e r - b e r y l l i u m  dynode s t r u c t u r e .  The t y p i c a l  d a rk  c u r r e n t  was 
1-4 x 10~9 A (_at 2000 v o l t s )  and th e  p u l s e  h e i g h t  r e s o l u t i o n  7 -7 .6% . The 
Anode r i s e - t i m e  was 2 .1  nS a t  3000 v o l t s  and th e  t r a n s i t  t im e  31 n a n o s e c o n d s .
2 . 4 . 2  The dynode r e s i s t o r  c h a in
T here  a r e  d i f f e r e n t  ways o f  d i s t r i b u t i n g  th e  a p p l i e d  v o l t a g e  am ongst 
t h e  dynodes a c c o r d in g  to  th e  i n t e n d e d  use  o f  th e  p h o t o m u l t i p l i e r .  The 
w i r i n g  em ployed  h e r e  was th e  one recommended by RCA f o r  f a s t  p u l s e  r e s p o n s e  
a p p l i c a t i o n s  and i s  shown i n  f i g u r e  2 .8 .  The anode p u l s e  was u se d  as  a 
t im in g  p u l s e .  A l th o u g h  th e  anode c u r r e n t  i s  p r o p o r t i o n a l  to  th e  amount o f  
l i g h t  i n c i d e n t  on th e  p h o to - c a th o d e ,  n o n - l i n e a r i t y  may a r i s e  when s p a c e -  
c h a rg e  b e g in s  to  fo rm  b e tw een  th e  l a s t  two d y n o d e s .  C o n s e q u e n t ly  th e  l i n e a r  
s i g n a l  f o r  p u l s e  h e i g h t  m easurem ents  was e x t r a c t e d  from dynode 11 ( s e e  f i g u r e
2 . 8 ) .  The com ponents  w ere  c h o sen  to  be o f  h ig h  s t a b i l i t y  (1%) and h i g h  power 
r a t i n g  Cl W). The tu b e  was o p e r a t e d  w i t h  t h e  apode a t  n e a r  g round  p o t e n t i a l  
and th e  c a th o d e  a t  a n e g a t i v e  h ig h  v o l t a g e  i n  o r d e r  to  a v o id  u s in g  a d e c o u p l in g  
c a p a c i t o r  f o r  th e  anode t im in g  s i g n a l ,  w hich  d e g ra d e s  th e  tim e c h a r a c t e r i s t i c s  
of th e  p u l s e .  F o r  t h e  same r e a s o n  a l l  c a p a c i t o r s  i n  t h e  c i r c u i t  w ere  w i r e d  
n e a r  th e  s o c k e t .  A 50 l o a d  im pedance was u s e d  to  e n s u r e  th e  b e s t  im pedance  
m atch to  th e  c o a x i a l  c a b l e  u s e d  and to  th e  i n p u t  im pedance o f  t h e  s u b s e q u e n t  
e l e c t r o n i c s .
The m ost s e r i o u s  p r a c t i c a l  p rob lem s w i t h  t h e  p r e s e n t  a r r a n g e m e n ts  a r o s e  
from  th e  tu b e  and dynode c h a in  b e in g  o p e r a t e d  i n  vacuum. To r e d u c e  th e  
p o s s i b i l i t y  o f  d i s c h a r g e  u n d e r  sem i-vacuum  c o n d i t i o n s  c a re  was t a k e n  t o  have
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F ig u re  2 .8  S ch em atic  d iag ram  showing th e  dynode r e s i s t o r  c h a in .
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smooth w i r i n g  and  s o l d e r i n g  w i th  no p o i n t s  i n  c lo s e  p r o x im i t y .  The a b sen c e  
o f  a i r  m eant t h a t  c o o l i n g  o f  th e  dynode r e s i s t o r s ,  d i s s i p a t i n g  2 .5  w a t t s  a t  
2000 v o l t s  was o n ly  p o s s i b l e  by c o n d u c t io n .  To a v o id  o v e r—h e a t i n g t h e  
r e s i s t o r s  were k e p t  a p a r t  by s u i t a b l y  d e s ig n i n g  th e  dynode c h a in  ( s e e  f i g u r e
2 . 9 ) .  To i n p u t  t h e  H.T. v o l t a g e  from  o u t s i d e  and e x t r a c t  t h e  s i g n a l s  w i t h o u t  
a f f e c t i n g  th e  vacuum c o n d i t i o n s ,  s p e c i a l  PET and B N C .connec to rs  e q u ip p e d  w i th  
r u b b e r  T0 T r i n g s  w ere  u s e d ,  c a p a b le  o f  m a i n t a i n i n g  th e  p r e s s u r e  d i f f e r e n c e  
w i th  n e g l i g i b l e  a i r  l e a k s .
The tu b e  b a s e  was s u p p o r te d  o n to  an  end  f l a n g e  made o f  s t a i n l e s s  s t e e l » 
by two b r a s s  ro d s  (.see f i g u r e  2 . 9 ) . 1 The tu b e  h o u s in g  ( i n t e r n a l  d i a m e te r  3” ) was 
a l s o  made o f  s t a i n l e s s  s t e e l  and th u s  a c t e d  as  a  m a g n e t ic  and e l e c t r i c a l  s h i e l d  
to the  tu b e .  S t a i n l e s s  s t e e l  i s  n o t  a  good m a g n e t ic  s h i e l d .  I d e a l l y  a  p - m e ta l  
s h i e l d  s h o u ld  b e  u sed  as a m a g n e t ic  s h i e l d  f o r  th e  t u b e .  B ecause  o f  t h e  h ig h  
c o s t  o f  th e s e  m a g n e t ic  s h i e l d s  th e y  were n o t  u se d  i n  t h i s  w o rk .
2 .5  The S c i n t i l l a t o r s
I n  com paring  th e  amount o f  l i g h t  p ro d u c e d  f o r  a  g iv e n  p a r t i c l e  a t  a  g iv e n  
e n e rg y  by th e  v a r i o u s  s c i n t i l l a t o r s ,  a c c o u n t  m ust be t a k e n  o f  t h e  f a c t  t h a t  t h e  
r e s u l t i n g  p u l s e  i s  p r o p o r t i o n a l  to  F p , th e  f r a c t i o n  o f  p h o to n s  r e a c h i n g  th e  
p h o to -c a th o d e  (e q n .  1 , 6 ) ,  w h ich  i n  t u r n  depends on th e  d e t e c t o r  geo m etry  and 
t h i c k n e s s .  I n  t h e  c a s e  o f  t h e  p l a s t i c  s c i n t i l l a t o r s  i n v e s t i g a t e d ,  c i r c u l a r  
d i s c s  o f  t h e  same d i a m e te r  w ere  u sed  w i t h  t h e  same r e f l e c t o r  a r r a n g e m e n ts ,  b u t  
we had  no c o n t r o l  o v e r  th e  t h i c k n e s s  o f  e a c h  s c i n t i l l a t o r .  The sa m p le s  p r o v id e d  by 
K o c h -L ig h t  l a b o r a t o r i e s  w ere  o f  v a r y i n g  th i c k n e s s  f o r  th e  d i f f e r e n t  s c i n t i l l a t o r s .  
Care  was t a k e n  however a lw ays to  u se  s c i n t i l l a t o r s  o f  t h i c k n e s s  w e l l  i n  e x c e s s  
o f  th e  r a n g e  i n  t h a t  m a t e r i a l  cc^ J  4 - ^ 2 -
-  48 -
F i g u r e  2 .9  P h o to g ra p h  showing t h e  dynode r e s i s t o r  c h a i n  
a r r a n g e m e n t  w i t h  tube  b a s e  and s u p p o r t  on th e  
f l a n g e .
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The b e s t  m a t e r i a l  u sed  f o r  ^ T v  r e f l e c t o r  i s  a lum in ium , w hich  h a s  a 
r e f l e c t i v i t y  o f  ^  90% down to  X ^  3000 A (R e fe re n c e  1 , page  9 9 ) .  The a l u ­
minium was e v a p o r a te d  o n to  a  p e r s p e x  c o l l i m a t o r  w hich  was p r e v i o u s l y  m ach ined  
and p o l i s h e d .  The c o l l i m a t o r - r e f l e c t o r  was d e s ig n e d  to  f i t  t h e  p h o t o m u l t i p l i e r  
s a n d w ic h in g  th e  s c i n t i l l a t o r  o n to  th e  t u b e .  An o p t i c a l  c o u p l in g  medium (Canada 
b a ls a m  d i s s o l v e d  i n  x y le n e )  was u se d  on t h e  i n t e r f a c e  b e tw een  th e  s c i n t i l l a t o r  
and th e  t u b e .
Two f a c t o r s  w hich  may i n t r o d u c e  l i g h t  l o s s e s  i n s i d e  th e  s c i n t i l l a t o r  a r e  
s e l f - a b s o r p t i o n ,  r e s u l t i n g  from  th e  o v e r l a p  o f  t h e  a b s o r p t i o n  and  e m is s io n  
s p e c t r a ( and l i g h t  t r a p p i n g  r e s u l t i n g  from  t o t a l  i n t e r n a l  r e f l e c t i o n .  The s e l f -  
a b s o r p t i o n  i s  v e ry  s m a l l  f o r  p l a s t i c  s c i n t i l l a t o r s  b u t  l i g h t  t r a p p i n g  i s  more 
s e r i o u s  and depends  on th e  s c i n t i l l a t o r  t h i c k n e s s ,  i t s  shape  and i t s  s u r f a c e  
f i n i s h  (and th e  e x t e r n a l  m edium ). The f r a c t i o n  o f  l i g h t  t o t a l l y  i n t e r n a l l y  
r e f l e c t e d  i n  a  s c i n t i l l a t o r  i s  g iv e n  b y O )
f  = y - 1y+1 2 .5
where y i s  th e  r e f r a c t i v e  in d e x  (-v 1 .5  f o r  p l a s t i c )  . Thus a b o u t  4% o f  the"V" 
l i g h t  p ro d u c e d  i n s i d e  th e  s c i n t i l l a t o r  i s  r e f l e c t e d  i n t e r n a l l y  and l i g h t  whose 
a n g le  of  i n c i d e n c e  e x c ee d s  th e  c r i t i c a l  a n g le  i s  a b l e  to  e s c a p e  from  th e  
s c i n t i l l a t o r  s u r f a c e .
The s h o r t  ran g e  o f  f i s s i o n  f ra g m e n ts  in  p l a s t i c  (v  0 .0 3  mm) e n a b le s  the  
u se  of r e l a t i v e l y  t h i n  s h e e t s  o f  s c i n t i l l a t o r s  f o r  th e  d e t e c t i o n  o f  s c i n t i l l a ­
t i o n s .  However a v e ry  t h i n  s c i n t i l l a t o r  p l a c e d  c l o s e  to  th e  p h o t o - c a th o d e  
p r e v e n t s  th e  l i g h t  from  s p r e a d i n g  u n i f o r m . l y  o v e r  th e  e n t i r e  e f f e c t i v e  a r e a  
o f  th e  p h o t o - c a th o d e ,  and t h i s  l e a d s  to  a  l o s s  i n  p u l s e  h e i g h t  r e s o l u t i o n  due 
to  c a th o d e  n o n - u n i f o r m i t y . A v e ry  t h i c k  s c i n t i l l a t o r  on t h e  o t h e r  hand  c a u se s  
a t t e n u a t i o n  o f  t h e  l i g h t  p ro d u c e d .  An optimum t h i c k n e s s  t h e r e f o r e  e x i s t s  f o r
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e a c h  s c i n t i l l a t o r ' f o r  b e s t  p u l s e  h e i g h t  r e s o l u t i o n  b u t  i n v e s t i g a t i o n  o f  t h i s  
t h i c k n e s s  e f f e c t  was n o t  p a r t  o f  t h i s  p r o j e c t .
An a l t e r n a t i v e  way of  o b t a i n i n g  optimum p u l s e  h e i g h t  r e s o l u t i o n  w i th  
heavy  io n s  i s  to  u se  a t h i n  s h e e t  o f  s c i n t i l l a t o r  a t t a c h e d  to  a l i g h t  g u id e  
o f  s u i t a b l e  t h i c k n e s s .  Use o f  t h i s  i s  made i n  t h e  com m erc ia l  s c i n t i l l a t o r  
a ssem b ly  INE 810 , w i t h  r e s o l u t i o n  q u o te d  as 7% f o r  5 .1  MeV a - p a r t i d e s  .
2 ,6  The T i m e - o f - F l i g h t  System
Hie com ple te  t i m e - o f - f l i g h t  sy s te m  i s  shown d u r in g  assem b ly  i n  f i g u r e  
2 .1 0 ( a )  and when c o m p le te ly  a ssem b led  in, f i g u r e  2 , 1 0 ( b ) ,  A c r o s s - p i e c e  i s  
a t t a c h e d  o n to  t h e  chamber and p r o v id e s  h o u s in g  f o r  th e  t h i n  f i l m  d e t e c t o r  
and m i r r o r  on one end  and  th e  p h o t o m u l t i p l i e r  h o u s in g  o v e r l o o k i n g  th e  TFD 
m i r r o r  on th e  o t h e r  e n d .  I n  l i n e  w i t h  th e  s o u r c e  e n e rg y  d e g r a d e r  and TFD 
s c i n t i l l a t o r  i s  t h e  a d a p to r  f o r  t h e  h o u s in g  o f  t h e  p h o t o m u l t i p l i e r  i n c o r p o ­
r a t i n g  th e  t h i c k  s c i n t i l l a t o r  u n d e t  s t u d y .
To p r e v e n t  th e  p h o t o m u l t i p l i e r s  from  v i b r a t i n g  i n s i d e  th e  h o u s in g  
( i . e .  to  dampen th e  v i b r a t i o n s  ca u se d  by  th e  r o t a r y  pump) e a c h  p h o t o m u l t i p l i e r  
was s u r r o u n d e d  w i th  foam r u b b e r  m ach ined  to  th e  e x a c t  s i z e  o f  t h e  h o u s in g .
As a r e s u l t  o f  th e  d i f f e r e n t  t h i c k n e s s e s  o f  s c i n t i l l a t o r s  u s e d ,  th e  
f l i g h t  p a th  i n  e a c h  c a se  was s l i g h t l y  d i f f e r e n t .  The f l i g h t  p a t h  b e tw e e n  
th e  TFD and th e  t h i c k  t e r m i n a l  s c i n t i l l a t o r  was a b o u t  13 .5  cm. The f l i g h t  
p a th  c o u ld  be  e x te n d e d  by 25 cm by i n t e r p o s i n g  an  e x t r a  f l i g h t  tu b e  b e tw e e n  
th e  TFD h o u s in g  and t h e  t h i c k  t e r m in a l  s c i n t i l l a t o r  h o u s in g .  T h is  p r o c e d u r e  • 
was employed i n  o r d e r  to  o b t a i n  a b s o l u t e  v e l o c i t y  m easu rem en ts  ( s e e  s e c t i o n  
3 . 1 . 4 ) .  The lo n g  f l i g h t  p a t h  however was accom pan ied  by  a d r a s t i c  r e d u c t i o n  
in  t h e  c o u n t in g  r a t e  from  a b o u t  4 c o u n t s / s e c  f o r  f i s s i o n  f ra g m e n ts  to  a b o u t  
0 .4  c o u n t s / s e c .  The lo n g  f l i g h t  p a t h  was th u s  u se d  o n ly  to  o b t a i n  th e  a b s o l u t e  
v e l o c i t y  m easu rem en ts  f o r  f i s s i o n  f r a g m e n ts .  The f l i g h t  p a th  c o u ld  b e  m ea su red
F i g u r e  2 . 1 0 ( a )  T i m e - o f - f l i g h t  s y s te m  d i v i n g  a s se m b ly .
F i g u r e  2 .1 0 ( b )  The com ple te  TOF sys te m  as se m b le d  w i t h  the  vacuum pumps and
c o n t r o l  box  shown.
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to  an a c c u r a c y  o f  0 .1  cm ( l e s s  th a n  1% and 0.3% r e s p e c t i v e l y ) .  Each p h o t o ­
m u l t i p l i e r  p r o v id e d  two o u t p u t  s i g n a l s :
(a )  The anode s i g n a l ,  f o r  t im in g  the  a r r i v a l  o f  th e  p a r t i c l e  a t  e a ch  
d e t e c t o r ;  '
(b) The dynode s i g n a l  g i v i n g  a m easu re  o f  th e  t o t a l  l i g h t  g e n e r a t e d  i n  e a c h  
s c i n t i l l a t o r .
In  th e  n e x t  c h a p t e r  we w i l l  d e s c r i b e  how th e s e  s i g n a l s  were a n a ly s e d  
u s in g  s t a n d a r d  e l e c t r o n i c  t e c h n i q u e s ,  and  how th e  t i m e - o f - f l i g h t ,  v e l o c i t y ,  
and e n e rg y  were o b t a i n e d  as w e l l  as a m easu re  o f  th e  t o t a l  l i g h t  o u t p u t  in  
th e  end  d e t e c t o r  and  th e  s p e c i f i c  lu m in e s c e n c e  i n  th e  t h i n  f i l m  d e t e c t o r .
i
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CHAPTER 3
THE EXPERIMENTAL METHOD
3.1  T i m e - o f - f l i g h t  M easurem ents
Time s p e c t r o s c o p y  i n v o lv e s  th e  m easu rem en t o f  th e  t im e r e l a t i o n s h i p  
be tw een  th e  o c c u r r e n c e  o f  two e v e n t s .  F ig u re  3 .1  g iv e s  th e  b lo c k  d iag ra m  
o f  a s i m p l i f i e d  t i m e - o f - f l i g h t  s p e c t r o m e te r .  A tim e p i c k - o f f  c i r c u i t  i s  
u sed  to  p r o c e s s  th e  p u l s e s  to  d e f i n e  th e  tim e  o c c u r r e n c e  o f  th e  d e t e c t e d  
e v e n t .  The l e a d i n g  edge o f  th e  l o g i c  p u l s e  from  th e  tim e p i c k - o f f  d e v ic e  
convoys the  time in f o rm a t io n .  A t im o - t o - p u I s o  height: c o n v e r t e r  (Tl’UC) t>P’EC- 
m easu res  t h e  d i f f e r e n c e  i n  th e  tim e  o f  o c c u r r e n c e  o f  t h e  e v e n t s  i n  d e t e c t o r s  
1 and 2 . The m easurem ent i s  a c c o m p lis h e d  by c h a rg in g  a c a p a c i t o r  from  a 
c o n s t a n t  c u r r e n t  s o u rc e  d u r in g  th e  i n t e r v a l  be tw een  s t a r t  and s to p  p u l s e s .  
The a m p l i tu d e  o f  th e  v o l t a g e  g e n e r a te d  on th e  c a p a c i t o r  i s  l i n e a r l y  r e l a t e d  
to  th e  tim e  i n t e r v a l  be tw een  th e  s t a r t  and th e  s to p  p u l s e s .  A m u l t i c h a n n e l  
a n a l y s e r  i s  n o r m a l ly  u se d  to  s o r t  and s t o r e  t h e s e  p u l s e s  a c c o r d in g  to  t h e i r  
h e i g h t s .  F ig u re  3 .2  i n d i c a t e s  a  sp e c t ru m  o b t a i n e d  when e v e n ts  r e g i s t e r e d  
by th e  two d e t e c t o r s  a r e  c o r r e l a t e d  i n  t im e .
3 .1 .1  Time r e s o l u t i o n
The p ro b le m  o f  o b t a i n i n g  good t im e  r e s o l u t i o n  has  b een  w id e ly  
d i s c u s s e d ^ 1 6 »1 7 » ,  The tim e r e s o l u t i o n  a v a i l a b l e  from  a s c i n t i l l a t i o n  
d e t e c t i o n  sy s te m  depends on a c o m b in a t io n  o f  c h a r a c t e r i s t i c s  o f  b o t h  th e  
s c i n t i l l a t o r  and th e  p h o t o m u l t i p l i e r .  These have  b een  d i s c u s s e d  i n  
s e c t i o n  2 . 4 . 3 .  The w i r in g  o f  th e  p h o t o m u l t i p l i e r  b a s e  f o r  optimum t im e  
r e s o l u t i o n  was d e s c r i b e d  i n  s e c t i o n  2 . 4 . 3 .  F ig u r e  3 .3  shows a t y p i c a l  
anode s i g n a l  o b t a in e d  from a 252Cf s o u rc e  w i t h  a p l a s t i c  s c i n t i l l a t o r  (NE 
810) u s in g  a f a s t  o s c i l l o s c o p e .  The o b s e rv e d  r i s e  t im e  i s  a p p r o x im a te ly  6 ns
De 
te
ct
o
rs
-  54 -
-[3UUEII0 j . d d  S 3 U 9 A 2  J o  a s q u i n t
uP
- tp
S3 tn r—l CD Cl) IH
S ' "
cOrPa
o
5-i
4-4
" 0
p
p
*r4
CO
4 J
X l
O
B C/3
P 5-1
5-i O
4-» 4-J
a CO
p i—i
p . .  i—•
co •r-54-1
■U P
P •r4
0 0 O
• H C/D
r-4
4-4 a
1 • H
4-4 4-J
O C/3
1 cO
(—5
£ P ,
•
4-J 0 0
p
r—1•1—1
cO C/3
o P
•r4
PU *4-1to a4-J CM
i n
< d  cm
CM
•
C O
p
5-1
P
0 0
• H
p 4
co co
toCO
P PB O 4-4•H 4-4
H p- O
• 8p
•r^
• H
• H 4-1 
PU O
( ■>
X O  <  ,CL h-
H
p
£
•r-4
4-J
P
x—1
&B
•H
CO
cd
4-1
O
£ ~ .
CO P
u P00 4-J
CO
• H £
X) o
5-j
P 4-J
a u
o p
i—i P<
CP CO
i—5
•
CO
P
5-iP00
•H
PM
-  55 -
(compared t o  4 . 2  ns  g i v e n  by t h e  t u b e  m a n u f a c t u r e r ) .
Two c h a r a c t e r i s t i c s  s t r o n g l y  a f f e c t  t h e  c h o ic e  o f  t h e  p r o p e r  t im e  
p i c k - o f f  d e v i c e :  (a)  Time w a lk  and (b)  I n t r i n s i c  t ime j i t t e r  o f  the
d e t e c t o r  s i g n a l .
F i g u r e  3 . 4  d e m o n s t r a t e s  t h e  t im e  walk  e f f e c t .  A l though  t h e  two 
s i g n a l s  Vj and were  c a u se d  s i m u l t a n e o u s l y  ( a t  t  = 0 ) t h e  l a r g e r  s i g n a l  
(Vj)  c r o s s e s  t h e  d i s c r i m i n a t o r  t h r e s h o l d  b e f o r e  t h e  s m a l l e r  one (V2) . Th is  
s h i f t  i n  t h e  c r o s s i n g  t ime  c a u se s  t h e  o u t p u t  p u l s e  o f  a c o n v e n t i o n a l  
d i s c r i m i n a t o r  t o  ’w a l k 1 a lo n g  t h e  t im e  a x i s .  The w a lk  i s  m os t  n o t i c e a b l e  
f o r  p u l s e  h e i g h t s  c l o s e  t o  t h e  d i s c r i m i n a t o r  l e v e l ,  as i n  t h e  c a s e  o f  t h e  
s m a l l  p u l s e s  f rom th e  T .F .D .  The seco n d  w a lk  e f f e c t  i s  due t o  t h e  c h a rg e  
s e n s i t i v i t y  o f  r e a l  d i s c r i m i n a t o r s ( ^ » 2^ ) . Even though the  d i s c r i m i n a t o r  
l e v e l  has  be e n  e x c e e d e d , a  f i n i t e  amount o f  cha rge  q i s  r e q u i r e d  t o  t r i g g e r  
t h e  d i s c r i m i n a t o r  ( s e e  f i g u r e  3 . 4 ) .  C l e a r l y  t h e  d e l a y  t ime i n t r o d u c e d  by 
t h i s  e f f e c t  i s  l o n g e r  f o r  s m a l l e r  p u l s e  h e i g h t s  (At^ > A t ^ ) .  These  two 
s o u r c e s  o f  w a lk  add .to d e t e r m i n e  t h e  t ime a t  wh ich  t h e  d i s c r i m i n a t o r  p r o d u c e s  
an o u t p u t .  Th is  o u t p u t  i s  c a l l e d  ’mach ine  t i m e ' .
I n d e p e n d e n t  o f  w a l k ,  a n o t h e r  s o u r c e  o f  e r r o r ,  s t a t i s t i c a l  i n  n a t u r e ,  
i s  t h e  i n t r i n s i c  t ime  j i t t e r  o f  t h e  s i g n a l  as  s e e n  by the  t im e  p i c k - o f f  
d e v i c e .  Th is  a r i s e s  from sys tem  n o i s e  g e n e r a t e d  by the  d e t e c t o r  and the 
a m p l i f y i n g  e l e c t r o n i c s .  I n  s c i n t i l l a t i o n  d e t e c t o r s * j i t t e r  r e s u l t s  f rom 
the  s t a t i s t i c a l  n a t u r e  o f  e m i s s i o n  and c o l l e c t i o n  of  p h o t o e l e c t r o n s .  The 
number o f  e l e m e n t a r y  p h o t o e l e c t r o n s  p ro d u c e d  i s  s m a l l ,  t y p i c a l l y  10-1000 
f o r  t h e  heavy  i o n s  d e t e c t e d  ( s e e  t a b l e  2 . 1 ) .  The s t a t i s t i c s  o f  a m p l i f i c a t i o n  
a r e  P o i s s o n i a n  and th e  n e t  r e s u l t  i s  o b s e r v e d  as f l u c t u a t i o n s  i n  t h e  sha pe  o f  
t h e  p h o t o m u l t i p l i e r  o u t p u t  p u l s e ^ 2 1 . F i g .  3 .5  d e m o n s t r a t e s  t h i s  e f f e c t ,  
and f i g u r e s  3 . 6 ( a )  and (b)  show examples  o f  o b s e r v e d  p u l s e s - d e m o n s t r a t i n g  
j i t t e r .
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F i g u r e  3 .3  T y p i c a l  anode p u l s e  o b t a i n e d  v»Ti t h  p l a s t i c  
s c i n t i l l a t o r  NE 810 ( s c a l e s  Y: 0 , 2  V/cm; 
X: 10 ns /cm)  u s in g  a 2o2Cf s o u r c e .
P u l s e
H e i g h t
( i n p u t
p u l s e )
e q u a l
c h a r g e
T r i g g e r i n '
l e v e l
t =0 Time
D i s c r i m i n a t o r
O u t p u t
Machine t ime
F i g u r e  3 .4  Time walk  due to  a m p l i t u d e  e f f e c t  and c h a rg e  
s e n s i t i v i t y  o f  t h e  d i s c r i m i n a t o r .
-  57 -
T a b le  2 . 1
S c i n t i l l a t o r  Number o f  P h o t o e l e c t r o n s
A n t h r a c e n e  1 1 .2 5  x 102 (a)
T .F .D .  4 2 . 8  (FF)
NE 810 3 .2 1  x 102 (FF)
KL 212 ' 5 .7  x 102 (FF)
KL 236 10 .28  x 102 (FF)
C s I ( T l )  11 .42  x 102 (a)
35 .7 1  x 102 (FF)
These e s t i m a t e s  were  made f ro m 'a n o d e  p u l s e s  knowing t h a t  t h e  g a i n  was 
2 x 106 ( a t  1 .6  kV) . The t o t a l  c h a rg e  q p e r  p u l s e  i s  g i v e n  r o u g h l y  by
Peak c u r r e n t  x P u l s e  w i d t h  
q * ----------------------- ^----------------------
and Peak c u r r e n t  = — a t  (50ft impedance)
. * .  c h a rg e  a t  p h o t o - c a t h o d e   ----- 3----------  Coulombs
2 x 106
and s i n c e  t h e  e l e c t r o n i c  c h a rg e  = 1 . 6  x 10“ *9 Coulombs,  number o f
p h o t o e l e c t r o n s  = ------------------ 3---- :-------------
2 x io 6 x 1.6 x u r 19
V x W x 10“ 9 
_ ________ pe a k  ns  _____ = 100 V ( v o l t s )  x W(ns)
50 x 2 x 2 x 106 x 1 .6  x 10~ 19 3 ,2
58
P u l s e
h e i g h t
A verage  
p u l s e  s h a p e
T r i g g e r i n g
l e v e l
TimeTiming e r r o r
F i g u r e  3 .5  Time j i t t e r .
F i g u r e  3 . 6 ( a )  Anode p u l s e s  f rom th e  TFD ( s c a l e s  Y: 0 . 1  
V/cm; X: 10 n s / c m ) .
F i g u r e  3 .6 ( b )  Dynode p u l s e s  f rom p l a s t i c  s c i n t i l l a t o r  r e s u l t i n g
from l i g h t  f r a g m e n t s  ( s c a l e s  Y: 0 . 1  V/cm; X: 40 n s / c m ) .
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I t  was m en t io n e d  e a r l i e r  t h a t  minimum t r a n s i t  t ime s p r e a d  o c c u r s  
uRwhen n = ~  ( s e c t i o n  2 . 4 . 1 ) ,  (n i s  t h e  number o f  p h o t o e l e c t r o n s  a t  the
anode ,  R th e  a v e ra g e  number o f  p h o t o e l e c t r o n s  p r o d u c e d  a t  t h e  c a th o d e  p e r
d e t e c t i o n  e v e n t  and o t h e  t r a n s i t  t ime s p r e a d ) .  T h e r e f o r e  — = — must  ber  R T
a c o n s t a n t  f o r  optimum t im e  r e s o l u t i o n .  T h i s  f a c t  i s  u s e d  i n  t h e  d e s i g n  
o f  t h e  ’ c o n s t a n t  f r a c t i o n  d e s c r i m i n a t o r 1 .
3 . 1 . 2  C o n s t a n t  f r a c t i o n  t i m in g
The t h e o r y  and o p e r a t i o n  o f  the  ’ c o n s t a n t  f r a c t i o n  d i s c r i m i n a t o r ’ i s
d e s c r i b e d  i n  r e f e r e n c e s  23 and 24.  P r i o r  to  t h e  i n t r o d u c t i o n  o f  c o n s t a n t
f r a c t i o n  t i m i n g ,  b e s t  t ime  r e s o l u t i o n  f o r  a n a r r o w  dynamic r a n g e  o f  p u l s e
h e i g h t s  was o b t a i n e d  w i t h  - " t i m i n g  on f a s t  s c i n t i l l a t o r - p h o t o -
m u l t i p l i e r  c o m b i n a t i o n s .  S t u d i e s  o f  such  sy s te m s  r e v e a l e d  t h a t  t h e  b e s t
t ime r e s o l u t i o n  was o b t a i n e d  f o r  f r a c t i o n a l  t r i g g e r i n g  l e v e l s ,  f ,  n e a r  20%,
i n d e p e n d e n t  o f  p u l s e  h e i g h t ^ 2 5 . The f r a c t i o n a l  t r i g g e r i n g  t h r e s h o l d  i s
d e f i n e d  as  t h e  r a t i o  V^/V_ where  V' i s  t h e  t r i g g e r i n g  l e v e l  on t h e  l e a d i n gr  s  r
edge o f  t h e  anode p u l s e  and V i s .  t h e  p u l s e  h e i g h t  o f  the  anode p u l s e .
The c o n s t a n t  f r a c t i o n  d i s c r i m i n a t o r  (CFD) i s  d e s i g n e d  t o  e l i m i n a t e  
t ime  w a lk  by s e l e c t i n g  t h e  optimum f r a c t i o n a l  t r i g g e r i n g  l e v e l .  The 
• p r i n c i p l e  o f  o p e r a t i o n  i s  d e m o n s t r a t e d  i n  f i g u r e  3 . 7 .  The anode s i g n a l
(a)  i s  i n v e r t e d  and d e l a y e d  by t ime t  , which i s  the  i n t e r v a l  b e tw e en  th e  
d e s i r e d  f r a c t i o n a l  t r i g g e r i n g  t h r e s h o l d  and t h e  maximum p u l s e  h e i g h t  o f  t h e  
anode p u l s e .  The p rompt  anode s i g n a l  i s  a l s o  a t t e n u a t e d  to  a  f r a c t i o n  f  o f  
i t s  o r i g i n a l  v a l u e  and t h e n  added t o  t h e  i n v e r t e d  and d e l a y e d  p u l s e .  The 
r e s u l t i n g  p u l s e ,  ( d ) , i s  a b i p o l a r  p u l s e  w i t h  the  z e ro  c r o s s i n g  p o i n t  r e p r e ­
s e n t i n g  t h e  d e s i r e d  f r a c t i o n a l  t r i g g e r i n g  t h r e s h o l d  = f  on t h e  o r i g i n a l  
anode p u l s e .  A z e r o - c r o s s i n g  d i s c r i m i n a t o r  i s  u s e d  to  t r i g g e r  a t  t h i s  p o i n t .
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(a)  Anode p u l s e
(b)  I n v e r t e d  and d e l a y e d  
anode p u l s e
(c)  A t t e n u a t e d  p rom p te d  
anode p u l s e
' , (d) R e s u l t a n t  o f  a d d in g
J —v. p u l s e s  (b)  and (c)
F i g u r e  3 .7  The p r i n c i p l e  o f  o p e r a t i o n  o f  t h e
c o n s t a n t  f r a c t i o n  d i s c r i m i n a t o r  (CFD).
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With  t h e  a p p r o p r i a t e  c h o ic e  o f  f ,  t h e  opt imum t r i g g e r i n g  t h r e s h o l d  i s  
s e l e c t e d  s i m u l t a n e o u s l y  f o r  a l l  p u l s e  h e i g h t s  and t h e  w a lk  p r o b le m  i s  
e s s e n t i a l l y  e l i m i n a t e d .
I n  t h e  p r e s e n t  work two ORTEC 463 commerc ial  u n i t s  were u s e d .
The m a n u f a c t u r e r s  s p e c i f i c a t i o n  f o r  t h e  t ime  walk  i s  l e s s  t h a n  150 ps  
f o r  t h e  r a n g e  o f  100 mV t o  10 V u s i n g  a p l a s t i c  s c i n t i l l a t o r  on an RCA
8575 PM t u b e ,  o p e r a t e d  on t h e  s c i n t / S B  mode.  Two o t h e r  modes o f  o p e r a ­
t i o n  e x i s t ,  Ge(Li)  mode w i t h  t ime  walk  l e s s  t h a n  2 ns  and N a l ( T l )  mode w i t h  
t im e  w a lk  l e s s  t h a n  0 .5  n s . The l a s t  mode was used  w i t h  t h e  C s I ( T l )  
s c i n t i l l a t o r ;  t h i s  mode h a s  an i n b u i l t  1 ys  dead  t im e t o  e l i m i n a t e  t h e  
p o s s i b i l i t y  o f  m u l t i p l e  t r i g g e r i n g  w i t h  i m p r o p e r l y  shaped  s i g n a l s .
I n  t h e  c a s e  o f  t h e  anode p u l s e  f rom t h e  t h i n  f i l m  d e t e c t o r  ( s e e  
f i g u r e  3 . 6 ( a ) )  t h e  maximum p u l s e  h e i g h t  o b t a i n e d  was a b o u t  0 . 1  V (when 
o p e r a t i n g  t h e  RCA 8575 a t  1800 V o l t s  o v e r a l l ) . As t h e  f i s s i o n  f r a g m e n t s  
were de g ra de d  i n  e n e rg y  t h e  p u l s e  h e i g h t  became l e s s  t h a n  t h e  50 mV
t h r e s h o l d  f o r  t h e  CFD u s e d .  To overcome t h i s  p r o b le m  a f a s t  a m p l i f i e r
(ORTEC 454) was u s e d  to  a m p l i f y  t h e  anode p u l s e  f rom th e  t h i n  f i l m  
d e t e c t o r .  The g a i n  and t im e c o n s t a n t s  were  a d j u s t e d  t o  p r o v i d e  t h e  b e s t  
r e s o l u t i o n  p o s s i b l e .  The t ime r e s o l u t i o n  was however  r e d u c e d  s l i g h t l y  as  
a r e s u l t  o f  i n c o r p o r a t i n g  t h i s  f a s t  a m p l i f i e r  i n t o  the  s y s t e m .  The t im e -  
o f - f  l i g h t  c i r c u i t  u s e d  i s  shown on f i g u r e  3 . 8 .
The c o u n t  r a t e  f o r  f i s s i o n - f r a g m e n t s  f rom t h e  252Cf s o u r c e  u s e d  was 
a b o u t  4 c o u n t s / s ,  hence  c o u n t i n g  t im es  o f  t y p i c a l l y  a b o u t  3 h o u r s  were  
n e c e s s a r y  f o r  good s t a t i s t i c s .  To check  s t a b i l i t y  i n  t h e  e l e c t r o n i c s ,  t h e  
c o u n t  r a t e s  a t  t h e  o u t p u t  o f  b o t h  CFD’s were  c o n t i n u o u s l y  m o n i t o r e d  u s i n g
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r a t e  m e t e r s .  A lso  t h e  number o f  t ime  c o i n c i d e n t  e v e n t s  p e r  u n i t  t im e  was 
a c c u r a t e l y  checked  by means o f  a  s c a l e r  a t  t h e  o u t p u t  o f  t h e  TPHC.
3 . 1 . 3  C a l i b r a t i o n  o f  t ime s p e c t r o m e t e r
I n  o r d e r  to  c a l i b r a t e  t h e  t ime s p e c t r o m e t e r  a r e l a t i o n s h i p  i s  r e q u i r e d  
be tw een  t h e  c h a n n e l  number where  t h e  e v e n t  i s  s t o r e d ,  and t h e  a c t u a l  t im e  
d i f f e r e n c e  b e tw e en  t h e  p u l s e s  p ro d u c e d  by t h e  TFD and the  t h i c k  s c i n t i l l a t o r .  
The a b s o l u t e  c a l i b r a t i o n  i n v o l v e s  f i n d i n g  t h e  c h a n n e l  number c o r r e s p o n d i n g  
to  z e ro  t im e and t h e  number o f  c h a n n e l s  p e r  na n o s ec o n d  o f  f l i g h t  t im e .
The s e t - u p  shown i n  f i g u r e  3 .9  was u s e d  t o  f i n d  th e  r e l a t i v e  t im e  
c a l i b r a t i o n  ( i . e .  c h / n s ) . The anode p u l s e  f rom one o f  t h e  p h o t o m u l t i p l i e r  
t u b es  was s p l i t  i n t o  two,  and a p p l i e d  t o  t h e  two CFD's .  One o f  t h e  CFD 
o u t p u t s  was a p p l i e d  t o  the  START i n p u t  o f  t h e  TPHC and th e  o t h e r  t o  t h e  
STOP v i a  a v a r i a b l e  d e l a y  u n i t  ( C a n b e r r a  1458) .  The peak p o s i t i o n s  l o r  
d i f f e r e n t  d e l a y  t im es  p r o v i d e  a  measure  o f  . the number o f  c h a n n e l s  p e r  
n a n o s ec o n d .
An a t t e m p t  was made to  f i n d  t h e  a b s o l u t e  z e ro  by  u s i n g  t h e  c a s c a d e d  
c o i n c i d e n t  y - r a y s  o f  a 60>Co s o u r c e  on b o t h  d e t e c t o r s  i n  p o s i t i o n ,  b u t  i t  
was p ro v e d  i m p o s s i b l e  due t o  the  v e r y  s m a l l  t h i c k n e s s  o f  t h e  t r a n s m i s s i o n  
d e t e c t o r  and i t s  c o n s e q u e n t  v e r y  low d e t e c t i o n  e f f i c i e n c y .  The a b s o l u t e  z e r o  
c h a n n e l  was e s t i m a t e d  from a b s o l u t e  v e l o c i t y  m easurem ents  as  w i l l  b e  d e s c r i b e d  
in  s e c t i o n  4 . 4 . 3 ( d a t a  a n a l y s i s ) .  A b s o l u t e  v e l o c i t y  m easu rem en ts  were  p o s s i b l e  
w i t h o u t  t h e  knowledge o f  t h e  a b s o l u t e  z e r o  c h a n n e l .
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3 . 1 . 4  A b s o l u t e  v e l o c i t y  measurements
The e x p e r i m e n t a l  p l a s t i c  s c i n t i l l a t o r  EPS 9 was used  as t h e  t e r m i n a l  
d e t e c t o r  and s e v e r a l  t i m e - s p e c t r a  were  o b t a i n e d  f o r  the  v a r i o u s  d e g r a d e r s  
a t t a c h e d  on the  c a r u s e l .  The f l i g h t  p a t h  was m easured  to  be 13 .6 5  cm. The 
p h o t o m u l t i p l i e r  H.T.  was then  s w i t c h e d  o f f ,  the  vacuum v a l v e s  c l o s e d ,  and 
the  chamber  and f l i g h t  t u b e s  were b r o u g h t  to  a t m o s p h e r i c  p r e s s u r e .  An 
a d d i t i o n a l  f l i g h t  t u b e  o f  e x a c t l y  25 cm l o n g ,  was t h e n  i n c o r p o r a t e d  b e tw een  
t h e  c r o s s - p i e c e  a d a p t o r  and t h e  s t r a i g h t  a d a p t o r  ( s e e  f i g u r e  2 . 10) ,  t h u s  
i n c r e a s i n g  t h e  f l i g h t  p a t h  by 25 cm. The chamber  and f l i g h t  t u b e s  were  
th e n  e v a c u a t e d  and a  s econd  s e r i e s  o f  t ime  s p e c t r a  was o b t a i n e d  w i t h  s e v e r a l  
o f  t h e  d e g r a d e r s ,  u s i n g  t h i s  l o n g e r  f l i g h t  p a t h .  The c o u n t i n g  r a t e  was 
r e d u c e d  d r a s t i c a l l y  and l o n g e r  c o u n t i n g  t im es  were n e c e s s a r y .
Comparison o f  the  t ime s p e c t r a  f o r  c o r r e s p o n d i n g  d c g r a d e r s  gave the  
s h i f t  o f  ea ch  p e a k ,  and thus  t h e  t i m e - o f - f l i g h t  o f  e a ch  p a r t i c l e  f o r  a 
f l i g h t  p a t h  o f  25 cm. The a b s o l u t e  v e l o c i t y ,  f o r  each  p a r t i c l e ,  was 
o b t a i n e d  as  t h e  r a t i o  o f  t h e  e x t r a  f l i g h t  p a t h  (25 cm) t o  t h e  t im e  s h i f t  
o f  t h e  r e l e v a n t  p e a k ,  f o r  e ach  o f  t h e  d e g r a d e r s  u se d .
3 . 1 . 5  P a r t i c l e  s e l e c t i o n  and d i s c r i m i n a t i o n
When th e  p u l s e - h e i g h t  r e s p o n s e  f o r  t h e  d e t e c t o r  i s  su c h  t h a t  t h e  
p u l s e  h e i g h t  o f  t h e  much more i n t e n s e  a - p a r t i c l e s  f rom t h e  252Cf s o u r c e  i s  .
comparable  to  t h a t  of  the  f i s s i o n  f r a g m e n t s ,  t hen  i t  becomes i m p o s s i b l e  to
s tu d y  th e  v a r i a t i o n  i n  t h e  p u l s e  h e i g h t  as  t h e  e n e r g y . i s  r e d u c e d  s i n c e  t h e  
s p e c t r u m  due t o  f i s s i o n  f r a g m e n t s  and a - p a r t i c l e s  o v e r l a p .  F o r  m os t
p l a s t i c  s c i n t i l i a t o r s  t h i s  o c c u r s  be low a f i s s i o n  f r a g m e n t  e n e r g y  o f  60 MeV.
Thus i n  b r d e r  t o  c a r r y  ou t  o u r  i n v e s t i g a t i o n  o f  t h e  p u l s e  h e i g h t  v a r i a t i o n
as a f u n c t i o n  o f  e n e rg y  be low 60 MeV, we had  t o  d i s c r i m i n a t e  a g a i n s t  unwanted
r a d i a t i o n  and examine one group o f  p a r t i c l e s  a t  a  t i m e .
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The e n e rg y  E and t i m e - o f - f l i g h t  t  f o r  a n o n - r e l a t i v i s t i c  p a r t i c l e  
a r e  r e l a t e d  by
where  M i s  the  p a r t i c l e  mass
S i s  t h e  f l i g h t  p a t h .
Hence as t h e  e n e rg y  E d e c r e a s e s  t h e  t ime  o f  f l i g h t  t  i n c r e a s e s .  Thus as 
peaks  i n  t h e  p u l s e - h e i g h t  s p e c t r u m ,  r e l a t i n g  t o  d i f f e r e n t  p a r t i c l e s ,  draw 
c l o s e r  t o g e t h e r  w i t h  d e c r e a s i n g  e n e r g y ,  t h e  c o r r e s p o n d i n g  peaks  on t h e  
t i m e - o f - f l i g h t  ‘s p e c t r u m  become i n c r e a s i n g l y  s e p a r a t e d .  T h i s  p r o v i d e s  us 
w i t h  a  good means o f  p a r t i c l e  d i s c r i m i n a t i o n .
The s c h e m a t i c  d iag ra m  o f  t h e  method u s e d  i s  shown i n  f i g u r e  3 .1 0 .
A l i n e a r  g a t e  ( C a n b e r r a  1451) was i n t r o d u c e d  be tw een  the  TPHC and the  P11A.
Th is  a l l o w s  a p u l s e  t h ro u g h  o n ly  i f  a g a t i n g  p u l s e  a p p e a r s  i n  c o i n c i d e n c e  
a t  the  g a t e .  The l i n e a r  g a t e  c o i n c i d e n c e  t im e was a d j u s t a b l e  o v e r  t h e  r a n g e  
0 . 5  to  5 m i c r o s e c o n d s .  A s w i t c h  a t  t h e  b a c k  e n a b l e d  t h i s  t o  be v a r i e d  f rom  
5 t o  50 y s .  Care was t a k e n  t o  e n s u r e  t h a t  the  i n p u t  p u l s e  was d e l a y e d  long  
enough ( u s i n g  th e  d e l a y  a m p l i f i e r  ORTEC 427) f o r  t h e  g a t i n g  p u l s e  t o  a r r i v e  
a t  the  g a t e  f i r s t .  Th is  was e n s u r e d  by f e e d i n g  t h e  g a t e  i n p u t  p u l s e  i n t o  a 
f a s t  o s c i l l o s c o p e ,  and the  g a t i n g  p u l s e  was u s e d  t o  t r i g g e r  t h e  o s c i l l o s c o p e .  
The v a r i a b l e  d e l a y  i n  t h e  d e l a y  a m p l i f i e r  was t h e n  s u i t a b l y  a d j u s t e d  so  t h a t  
t h e  g a t i n g  p u l s e  was a r r i v i n g  f i r s t  a t  the  g a t e .  The g a t i n g  p u l s e ,  a p o s i ­
t i v e  l o g i c  p u l s e ,  i s  p r o v i d e d  by the  s i n g l e  c h a n n e l  a n a l y s e r  (SCA), a d e v i c e  
which  a c c e p t s  p u l s e s  i n  t h e  r ange  0 to  10 v o l t s ,  w i t h  f a c i l i t i e s  f o r  s e l e c t i n g  
th e  t h r e s h o l d  E and window AE; i n p u t  p u l s e s  f a l l i n g  w i t h i n  t h e  p u l s e  h e i g h t  
window g i v e  r i s e  to  a s t a n d a r d  p u l s e  a t  t h e  o u t p u t .
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To c a l i b r a t e  t h e  p o t e n t i o m e t e r  s e t t i n g s  E and AE, a g a i n s t  c h a n n e l  
number ,  t h e  f o l l o w i n g  p r o c e d u r e  was u s e d .  Two d i f f e r e n t  t i m e - i n d e p e n d e n t
I -
p u l s e s  were  f e d  i n t o  START and STOP o f  t h e  TPHC a t  h i g h  enough r a t e s  t o  
p r o d u c e  a random f l a t  s p e c t r u m  i n  t h e  u n g a t e d  PHA. By r e d u c i n g  the  window 
AE of  t h e  SCA t o  t h e  s m a l l e s t  p o s s i b l e  v a l u e  t h a t  w i l l  g i v e  a r e a s o n a b l e  
count: r a t e  a t  t h e  o u t p u t  ( A E  ^  O .O lV j th e  g a t e d  PHA d i s t r i b u t i o n  was t hus  
r e d u c e d  t o  a  v e r y  n a r r o w  s t r i p ,  a p p r o x i m a t i n g  t o  a p e a k .  By th e n  v a r y i n g  
th e  lower  l e v e l ,  E ,  such  pe a ks  were  o b t a i n e d  a t  r e g u l a r  i n t e r v a l s  and t h e s e  
p r o v i d e d  us w i t h  the  r e l a t i o n s h i p  be tween  the  t h r e s h o l d  E and the  c h a n n e l  
number C. The window s e t t i n g  AE was c a l i b r a t e d  i n  t h e  same way. Thus we 
were a b l e  t o  s e l e c t  any p a r t  o f  t h e  t im e  s p e c t r u m  r e q u i r e d  w i t h  an a c c u r a c y  
o f  l e s s  t h a n  2 c h a n n e l s .  F i g u r e s  3 . 1 1 ( b )  and (c)  show s u c c e s s i v e  p a r t i c l e  
s e l e c t i o n  f o r  l i g h t  and heavy  f r a g m e n t s  f rom t h e  t i m e - o f - f l i g h t  s p e c t r u m .
The same g a t i n g  p u l s e  was a l s o  u s e d  on t h e  p u l s e  h e i g h t  s p e c t r u m  and 
apart :  f rom r e m o v i n g . t h e  a - p a r t i c l e s  s c r e e n i n g  th e  f i s s i o n  f r a g m e n t s ,  i t  
e n a b l e d  us  t o  a lm o s t  c o m p l e t e l y  e l i m i n a t e  a n ^ o t h e r  low
l e v e l  b a c k g ro u n d s  due to  y - r a y s  and e l e c t r o n s .
3 .2  P u l s e - h e i g h t  Measurements
As m e n t io n e d  i n  s e c t i o n  2 . 4 . 3  t h e  p o s s i b i l i t y  o f  n o n - l i n e a r i t y  o f  t h e  
anode c u r r e n t  due to  s p a c e - c h a r g e  s a t u r a t i o n  l e d  to  a dynode c h a i n  d e s i g n  
e n a b l i n g  us t o  e x t r a c t  a l i n e a r  s i g n a l  f rom t h e  11 th  dynode.  A t y p i c a l  
dynode p u l s e  o b t a i n e d  i s  shown i n  f i g u r e  3 . 6 ( b ) .
The dynode p u l s e s  were  a m p l i f i e d  u s i n g  t h e  ORTEC 113 s c i n t i l l a t o r  
p r e - a m p l i f i e r .  Th is  i s  a  n o n - i n v e r t i n g  p r e - a m p l i f i e r  w i t h  no s h a p i n g  
c a p a b i l i t y .  The s i g n a l  was f u r t h e r  a m p l i f i e d  and s ha ped  u s i n g  t h e  ORTEC 
452 s p e c t r o s c o p y  a m p l i f i e r .  T h i s  u n i t  i s  d e s i g n e d  to  maximise  r e s o l u t i o n
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F i g u r e  3 . 1 1 ( a )  T i m e - o f - f l i g h t  s p e c t r u m  o b t a i n e d  w i t h  a 252Cf s o u r c e .
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F i g u r e  3 . 1 1 ( b )  S e l e c t i o n  o f ’ t h e  l i g h t  f r a g m e n t s  on the  TOF s p e c t r u m .
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F i g u r e  3 . 1 1 ( c )  S e l e c t i o n  o f  t h e  heavy  f r a g m e n t s  on t h e  TOF s p e c t r u m .
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by the  u t i l i z a t i o n  o f  i t s  e x t r e m e l y  low n o i s e  p e r fo rm a n c e  t o g e t h e r  w i t h  
t h e  opt imum b a n d w id th  from i t s  wide  range  o f  s h a p i n g  t ime c o n s t a n t s  ( 0 . 2 5  
to  6 y s ) . B e s t  r e s o l u t i o n  was o b t a i n e d  w i t h  1 ys t ime c o n s t a n t  ( G a u s s i a n  
s h a p i n g ) .
Two t y p e s  o f  o u t p u t  s i g n a l s  a r e  a v a i l a b l e ,  b i p o l a r  and u n i p o l a r .  An 
i n t e r n a l  b a s e l i n e  r e s t o r e r  can be  s u i t a b l y  s e l e c t e d  f o r  t h e  u n i p o l a r  p u l s e ,  
which  p r o v i d e s  an a p p r o x i m a t e l y  g a u s s i a n - s h a p e d  p u l s e ,  w i t h  opt imum s i g n a l -  
t o - n o i s e  r a t i o . - -  T h i s  u n i p o l a r  p u l s e  may a l s o  b e  d e l a y e d  i n t e r n a l l y  by 2 y s , 
i f  r e q u i r e d ,  f o r  g a t i n g  p u r p o s e s  ( s e e  s e c t i o n  3 . 1 . 5 ) .  The u n i p o l a r  p u l s e ,  
which  i s  D.C. c o u p le d  t o  t h e  o u t p u t  and i s  c o m p a t ib l e  w i t h  the  i n p u t s  o f  
the  v a r i o u s  p u l s e - h e i g h t  a n a l y s e r s  employed,  was u s e d  when r e c o r d i n g  the  
p u l s e - h e i g h t  s p e c t r a .  The p u l s e - h e i g h t  a n a l y s i s  s y s te m  i s  shown i n  f i g u r e  
3.12  and t h e  com ple te  s y s te m  i n  f i g u r e  3 . 1 3 .
3 . 2 . 1  C a l i b r a t i o n  o f  a n a l y s e r s
To e n s u r e  the  l i n e a r i t y  o f  t h e  p u l s e - h e i g h t  m e a s u r in g  s y s t e m ,  a p r e ­
c i s i o n  p u l s e  g e n e r a t o r ,  ORTEC 204 ,  was c o n n e c t e d  a t  t h e  t e s t  i n p u t  o f  t h e  
p r e - a m p l i f i e r .  The p u l s e  g e n e r a t o r  i s  c a p a b l e  o f  p r o v i d i n g  a  s t a n d a r d  
p u l s e  o f  e i t h e r  p o l a r i t y  whose h e i g h t  may be a d j u s t e d  to  a d e s i r a b l e  l e v e l  
i n  the  r a n g e  0 t o  10 v o l t s  w i t h  an a c c u r a c y  o f  0 . 0 0 1  v o l t s .  When t h e  p u l s e  
g e n e r a t o r  i s  i n  o p e r a t i o n ,  a v e r y  s h a r p  pe a k  a p p e a r s  on t h e  p u l s e - h e i g h t  
s p e c t r u m .  A s e t  o f  v a l u e s  f o r  t h e  c o r r e s p o n d i n g  p u l s e  g e n e r a t o r  s e t t i n g s  
P was o b t a i n e d  and t h e  l i n e a r i t y  o f  t h e  s y s t e m  was checked  by f i t t i n g  a 
p o l y n o m i a l  o f  o r d e r  2 to  t h e  p o i n t s  o b t a i n e d ,  i . e .
C = a Q + a 2 P + a 2 P 2 3 .2
L i n e a r i t y  i s  e n s u r e d  when a^ << a^ .  a Q g i v e s  t h e  c h a n n e l  c o r r e s p o n d i n g  t o  
z e ro  p u l s e - h e i g h t .  The f i t t i n g  was p e r f o r m e d  by u s i n g  a l e a s t  s q u a r e s  
p rog ra m  on t h e  DATA GENERAL NOVA 840 m i n i - c o m p u t e r  i n  t h e  P h y s i c s  D e p a r tm e n t
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F i g u r e  3 .1 2  Schem at ic  d i a g r a m  o f  p u l s e - h e i g h t  m e a s u r in g  s y s t e m .
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o f  the  U n i v e r s i t y  o f  S u r r e y .
To check  t h e  s t a b i l i t y  o f  t h e  e l e c t r o n i c s  s y s te m  t h i s  c a l i b r a t i o n  
p r o c e d u r e  was r e p e a t e d  a t  t h e  b e g i n n i n g  and end o f  each  r u n .  Th is  method ,  
however ,  does n o t  check  th e  l i n e a r i t y  o r  s t a b i l i t y  o f  the  s c i n t i l l a t o r -  
p h o t o m u l t i p l i e r  a s se m b ly .  I n  f a c t ,  s m a l l  g a i n  d r i f t s  were  o b s e r v e d ,  b u t  
t h e s e  were  c o r r e c t e d  by r e f e r e n c e  t o  t h e  u n d e g ra d e d  a - p e a k  p o s i t i o n  f o r  
each  s c i n t i l l a t o r  ( s e e  s e c t i o n  4 . 2 ) ,
Two a n a l y s e r s  were u s e d ,  f o r  t h i s  w ork ,  t h e  I n t e r t e c h n i q u e  400 
c h a n n e l  SA40B and the  256 c h a n n e l  N o r t h e r n  S c i e n t i f i c  NS 600.  Bo th  were  
c a l i b r a t e d  u s i n g  the  method d e s c r i b e d  above .  The SA40B was u s e d  to  r e c o r d  
th e  t h i n  f i l m  d e t e c t o r  r e s p o n s e  and th e  t i m e - o f - f l i g h t  s p e c t r a  i n  t u r n /
The NS 600 was u sed  t o  r e c o r d  th e  p u l s e - h e i g h t  s p e c t r a  f rom t h e  t h i c k  s c i n t i l ­
l a t o r s .  The two a n a l y s e r s  were  g e n e r a l l y  o p e r a t e d  s i m u l t a n e o u s l y  so t h a t  
the  c o u n t s  i n  e ach  t ime  pe a k  c o u ld  be  compared to  t h e  c o r r e s p o n d i n g  p u l s e -  
h e i g h t  pe a k .  The f i r s t  c h a n n e l  i n  t h e  NS 600 p r o v i d e d  us  w i t h  t h e  t r u e  
c o u n t i n g  t im e  i . e .  t h e  c o r r e c t e d  l i v e  t im e .
The v a r i o u s  p u l s e - h e i g h t  and t i m e - o f - f l i g h t  s p e c t r a  r e c o r d e d  were  t y p e d  
o u t  by a t e l e t y p e  and were  a l s o  punched  on t o  punched  t a p e  which  was s ub ­
s e q u e n t l y  f e d  i n t o  a compute r  f o r  f u r t h e r  a n a l y s i s .
3 . 3  The S u r f a c e  B a r r i e r  D e t e c t o r
A s u r f a c e  b a r r i e r  d e t e c t o r  i s  a  s o l i d  s t a t e  j u n c t i o n  d e t e c t o r ,  u s u a l l y  
made from a c a r e f u l l y  p r e p a r e d  s i n g l e - c r y s t a l  s l i c e  o f  h i g h  r e s i s t i v i t y  n -  
type  s i l i c o n ,  on to  one f a c e  o f  which  i s  e v a p o r a t e d  a  t h i n  l a y e r  o f  g o l d  t o  
fo rm an e l e c t r i c a l  c o n t a c t .  B e fo re  t h e  g o l d  i s  e v a p o r a t e d  a t h i n  l a y e r  o f  
s i l i c o n  o x i d e  i s  formed.
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When an e x t ’errta-l v o l t a g e ,  V, i s  a p p l i e d  a c r o s s  the  j u n c t i o n ,  so 
t h a t  the s i l i c o n  i s  b i a s e d  p o s i t i v e l y ,  a l a y e r  d e p l e t e d  o f  c o n d u c t i n g  
e l e c t r o n s  i s  p r o d u c e d  whose t h i c k n e s s  i s  p r o p o r t i o n a l  t o  /v .  A c h a rg e d  
p a r t i c l e ,  e n t e r i n g  th e  d e p l e t i o n  r e g i o n ,  l o s e s  e n e rg y  by c o l l i s i o n s  w i t h  
e l e c t r o n s ,  c r e a t i n g  e l e c t r o n - h o l e  p a i r s .  The a v e ra g e  e n e rg y  r e q u i r e d  
f o r  t h e  p r o d u c t i o n  o f  one e l e c t r o n - h o l e  p a i r  i n  s i l i c o n  i s  3 .6  eV, and 
the  t o t a l  number o f  e l e c t r o n - h o l e  p a i r s  formed i s  p r o p o r t i o n a l  t o  t h e  
p a r t i c l e  e n e r g y .  The h i g h  e l e c t r i c  f i e l d ,  i n  t h e  d e p l e t i o n  l a y e r ,  
s e p a r a t e s  and c o l l e c t s  t h e  c h a rg e s  i n  a t im e  o f  o r d e r  nanoseconds  and a 
f a s t - r i s i n g  p u l s e  i s  induced  i n  t h e . c i r c u i t ,  e x t e r n a l  to  the  d e t e c t o r .
I f  t h e  p a r t i c l e  i s  c o m p l e t e l y  s t o p p e d  w i t h i n  t h e . d e p l e t i o n  l a y e r ,  t h e  
h e i g h t  o f  t h i s  p u l s e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  o r i g i n a l  e n e r g y  
o f  t h e  p a r t i c l e ,  f o r  l i g h t  i o n s .
The s i l i c o n  s u r f a c e - b a r r i e r  d e t e c t o r  i s  a  v e r y  good e n e rg y  s p e c t r o ­
m e t e r  f o r  s h o r t  r a n g e  r a d i a t i o n ,  such  as  a - p a r t i c l e s .  The low e n e r g y  
r e q u i r e d  t o  p r o d u c e  e ach  e l e c t r o n - h o l e  p a i r ,  combined w i t h  a  low n o i s e -  
c u r r e n t ,  g i v e s  t h e  d e t e c t o r  v e r y  good e n e rg y  r e s o l u t i o n  c h a r a c t e r i s t i c s .
A lso  a f a s t  r i s e - t i m e  makes s i m u l t a n e o u s  t i m i n g  and e n e rg y  m easu rem en ts  
p o s s i b l e .
3 . 3 . 1  Alpha p a r t i c l e  e n e rg y  measurements
The a - p a r t i c l e  e n e r g i e s ,  o b t a i n e d  from t h e  c o m b i n a t i o n  o f  252Cf 
s o u r c e  and d e g r a d e r s  were m easured  u s i n g  an  ORTEC s u r f a c e  b a r r i e r  d e t e c t o r  
(F s e r i e s ) .  The nom ina l  a c t i v e  a r e a  was 300 mm2 , t h e  minimum s e n s i t i v e  
d e p th  was 60 m i c r o n s ,  o p e r a t e d  a t  80 v o l t s .  The m a n u f a c t u r e r s  s p e c i f i c a t i o n  
f o r  t h e  en e rg y  r e s o l u t i o n  was 35 keV a t  5 MeV. The e x p e r i m e n t a l  s e t - u p  
f o r  e n e rg y  m easurem ents  i s  shown on f i g u r e  3 . 1 4 .
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The e n e rg y  c a l i b r a t i o n  o f  t h e  d e t e c t o r  and i t s  e l e c t r o n i c s  was 
o b t a i n e d  from t h e  peak  p o s i t i o n  o f  t h e  unde g ra de d  252Cf a - p a r t i c l e s  
( 6 .1 1  MeV) on t h e  PHA.' S inc e  t h e  252Cf s o u r c e  u sed  ('v, 20 yCi)  had a 
t h i n  l a y e r  o f  a lum in ium  e v a p o r a t e d  on t o  i t ,  t o  a v o id  the  s e l f - t r a n s f e r  
o f  t h e  252C f , a  s eco n d  s o u r c e  o f  lower  s t r e n g t h  ( ^  3 yCi) which  was v e r y  t h i n ,  
and w i t h o u t  a n y t h i n g  e v a p o r a t e d  on i t ,  was a t t a c h e d  on to  a  m ou n t in g  and 
c o u ld  be  swung i n t o  p o s i t i o n  i n  f r o n t  o f  t h e  d e t e c t o r ,  where  i t  was a l s o  
s h i e l d i n g  t h e  d e t e c t o r  f rom th e  p a r t i c l e s  f rom t h e  s t r o n g e r  s o u r c e .  The 
c a l i b r a t e d  d e t e c t o r  s y s t e m  was t h e n  u s e d  to  m easu re  t h e  r e s i d u a l  a - e n e r g i e s , 
a f t e r  p a s s a g e  t h ro u g h  t h e  v a r i o u s  d e g r a d e r s .
The t h i c k n e s s e s  o f  t h e  v a r i o u s  d e g r a d e r s  u s e d  were  s u b s e q u e n t l y  
c a l c u l a t e d  making use  o f  t h e  s t o p p i n g  power d a t a  f o r  a - p a r t i c l e s  i n  
p l a s t : i c ( 27 ) .
3 . 3 . 2  F i s s i o n  f r a g m e n t s  e n e rg y  m easurem ents
The r e s p o n s e  o f  s u r f a c e  b a r r i e r  d e t e c t o r s  t o  heavy  i o n s  such  as  
f i s s i o n  f r a g m e n t s  d i f f e r s  f rom t h e i r  r e s p o n s e  to  l i g h t e r  p a r t i c l e s  i n  t h a t  
t he  p u l s e  h e i g h t  p r o d u c e d  i s  n o t  e x a c t l y  p r o p o r t i o n a l  t o  t h e  e n e r g y  o f  t h e  
heavy i o n .  The p u l s e  h e i g h t  p ro d u ce d  by a f r a g m e n t  i s  low er  t h a n  t h a t  
p ro d u ce d  by a  l i g h t e r  p a r t i c l e  o f  t h e  same e n e r g y .  Th is  r e d u c t i o n  i s  
u s u a l l y  c a l l e d  ’ t h e  p u l s e  h e i g h t  d e f e c t ’ f o r  a f r a g m e n t  o f  g i v e n  e n e r g y  
and m ass .  The d e f e c t  i s  d e f i n e d  as t h e  d i f f e r e n c e  b e tw een  t h e  e n e r g y  o f  
t h e  f r a g m e n t  and t h e  en e rg y  o f  t h e  a - p a r t i c l e  r e q u i r e d  t o  p r o d u c e  t h e  same 
p u l s e  h e i g h t .  R e c om bina t ion  o f  e l e c t r o n - h o l e  p a i r s  and n u c l e a r  c o l l i s i o n s  
a r e  t h o u g h t  to  be  t h e  main  c a u se  o f  t h e  d e f e c t .  A l s o  e n e rg y  l o s s e s  i n  t h e  
g o l d  window may c o n t r i b u t e  a b o u t  ^  0 . 6  MeV.
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S e v e r a l  s t u d i e s  have  b e e n  made o f  the  mass and e n e rg y  dependence  
o f  t h e  p u l s e  h e i g h t .  S c h m i t t  e t  a l . ( 28 ) u s i n g  a c c e l e r a t e d  b romine  and 
i o d i n e  i o n s  ( a r t i f i c i a l  f i s s i o n  f r a g m e n t s )  o f  known en e rg y  found t h a t  
t h e  dependence  o f  t h e  p u l s e  h e i g h t  P on t h e  i o n  e n e rg y  E and mass M 
c o u ld  be e x p r e s s e d  by an e q u a t i o n  o f  t h e  fo rm
E = (a  + a 1 M)P + (b + b ' M)
where a ,  a ’ , b and b '  a r e  c o n s t a n t s  o f  t h e  d e t e c t o r .  These c o n s t a n t s  
may be  d e t e r m i n e d  by r e f e r e n c e  t o  t h e  l i g h t  and heavy f r a g m e n t  p e a k s  P^ 
and o f  an u n de g ra de d  f i s s i o n  f r a g m e n t  s p e c t r u m  o f  252C f ,  as  f o l l o w s :
a = 2 4 . 0 2 0 3 / ( P 1 -  Ph )
a 1 = 0 . 0 3 5 7 4 / (P ,  -  P . )  -1 h
b = 89 .6083 -  a P
b ’ = 0 .1370  -  a ’ P 1
The c a l i b r a t i o n  l i n e s  o b t a i n e d  t h i s  way however  a r e  o n l y  v a l i d  f o r  
f i s s i o n  f r a g m e n t - e n e r g i e s  above 25 MeV ( s e e  f i g u r e  3 . 1 5 ) .
S e v e r a l  s p e c t r a  were r e c o r d e d  f o r  a l l  d e g r a d e r s  u s i n g  t h e  s u r f a c e  
b a r r i e r  d e t e c t o r .  The c a l i b r a t i o n  s o u r c e  was swung i n  f r o n t  o f  t h e  
d e t e c t o r  a t  r e g u l a r  i n t e r v a l s  t o  check  f o r  g a i n  d r i f t s .  La rge  d e v i a t i o n s  
were  o b s e r v e d  and r e p e a t e d  a t t e m p t s  to  e s t a b l i s h  t h e  d e f e c t i v e  i n s t r u m e n t  
f a i l e d .  I t  was p r o b a b l y  a c o n t r i b u t i o n  o f  d r i f t s  i n  d i f f e r e n t  e l e c t r o n i c  
u n i t s  ca u se d  by t e m p e r a t u r e  v a r i a t i o n s .  These  d r i f t s  were o n l y  e n c o u n t e r e d  
however  w i t h  f i s s i o n  f r a g m e n t  s p e c t r a  where  l o n g  c p u n t i n g  p e r i o d s  w ere  
n e c e s s a r y .  The d - s p e c t r a ,  n e e d i n g  on ly  a few m in u t e s  f o r  compara^ jL-  
s t a t i s t i c s  were n o t  a f f e c t e d .
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F i g u r e  3 .14  S c h e m a t ic  d iag ram  o f  e n e rg y  m e a s u r in g  s y s t e m  u s i n g  a 
s i l i c o n  s u r f a c e  b a r r i e r  d e t e c t o r .
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F i g u r e  3,15 C a l i b r a t i o n  l i n e s  o f  s u r f a c e  b a r r i e r  d e t e c t o r  f o r  l i g h t  and heavy  
f r a g m e n t s .  The a - p a r t i c l e  c a l i b r a t i o n  l i n e  i s  a l s o  shown f o r  
co m p a r i s o n ,  •
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C o r r e c t i o n s  t o  t h e  g a i n  s h i f t s  were  a p p l i e d ,  where n e c e s s a r y ,  by 
r e f e r e n c e  to  the  a - p a r t i c l e  peak  p o s i t i o n  from the  c a l i b r a t i o n  s o u r c e ,  
t ak e n  b e f o r e  and a f t e r  e a ch  f i s s i o n  s p e c t r u m ,  ( s e e  s e c t i o n  4 . 2 ) .
3 . 3 . 3  T i m e - o f - f l i g h t  m easurem ents  w i t h  s u r f a c e  b a r r i e r  d e t e c t o r s
The s c h e m a t i c  d i ag ra m  o f  t h e  s y s te m  us e d  t o  r e c o r d  t i m e - o f - f l i g h t  
s p e c t r a  u s i n g  the  s u r f a c e  b a r r i e r  d e t e c t o r  i s  shown i n  f i g u r e  3 . 1 6 .  The 
START c h a n n e l  i s  t h e  same as  t h a t  u sed  f o r  s c i n t i l l a t o r s .  I n  t h e  s u r f a c e -  
b a r r i e r  c h a n n e l  a t i m e - p i c k - o f f  u n i t  (ORTEC 260) i s  i n t e r p o s e d  b e tw een  
th e  d e t e c t o r  and th e  p r e - a m p l i f i e r .  T h i s  a c t s  t o  p i c k - o f f  i n d u c t i v e l y  a 
s m a l l  f a s t  s i g n a l  f rom the  d e t e c t o r  o u t p u t .  Th is  i s  then  i n p u t e d  i n t o  a 
t im e  p i c k - o f f  c o n t r o l  u n i t  (ORTEC 403 A) wh ich  t u r n s  t h e  s m a l l  t i m i n g  
s i g n a l  i n t o  a f a s t  n e g a t i v e  l o g i c  s i g n a l  s u i t a b l e  f o r  the  TPHC.
In  t h i s  p r o j e c t  b o t h  e n e rg y  and t i m e - o f - f l i g h t  s p e c t r a  w e re  r e c o r d e d  
u s i n g  the  S.B .  d e t e c t o r  f o r  two r e a s o n s :
(a)  In  o r d e r  t o  compare t h e  v a l u e s  f o r  t h e  i o n  e n e r g i e s  o b t a i n e d  u s i n g
s c i n t i l l a t o r s  on ly  w i t h  t h o s e  o b t a i n e d  from t h e  s u r f a c e  b a r r i e r  d e t e c t o r
m easu rem en ts  and
(b)  To p r o v e  the  f e a s i b i l i t y  o f  t h e  s y s t e m  d e s c r i b e d  i n  c h a p t e r  1, where
b o t h  e n e rg y  and v e l o c i t y  m easu rem en ts  can be  d e r i v e d  f rom  a T .F .D .  -  S.B .
d e t e c t o r  c o m b in a t io n .
I n  t h e  n e x t  c h a p t e r  t h e  method used  f o r  a n a l y s i n g  t h e  r e c o r d e d  d a t a  
w i l l  be d e s c r i b e d  t o g e t h e r  w i t h  c a l c u l a t i o n s  o f  d e g r a d e r  t h i c k n e s s ,  v e l o c i ­
t i e s  and e n e r g i e s  o f  f i s s i o n  f r a g m e n t s  and t h e  o b s e r v e d  e f f e c t s  o f  t h e  
d e g r a d e r s  on t i m e - o f - f l i g h t  s p e c t r u m  s p r e a d , a n d  c o u n t i n g  r a t e  r e d u c t i o n .
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CHAPTER 4 
DATA ’’ANALYSIS
4 . 1  Curve  F i t t i n g  to  t h e  S p e c t r a
As m e n t io n e d  e a r l i e r ,  t h e  d a t a  r e c o r d e d  were s p l i t  i n t o  two g r o u p s ,  
t h o se  r e c o r d e d  on  th e  N o r t h e r n  S c i e n t i f i c  NS-600 a n a l y s e r  (256 c h a n n e l s )  
and t h o s e  r e c o r d e d  on the  INTERTECUNIQUE SA40B (400 c h a n n e l s ) .  For  ea ch  
t e r m i n a l  d e t e c t o r  u s e d ,  t h e r e  were t hus  two s e t s  o f  s p e c t r a  r e c o r d e d ,  u s u a l l y  
p u l s e  h e i g h t  s p e c t r a  by  th e  NS-600 and  T i m e - o f - f l i g h t  s p e c t r a  by t h e  SA40B.
The d a t a  were f i r s t  r e c o r d e d  on punch  t a p e  f u r n i s h e d  by t h e  t e l e t y p e s  
a t t a c h e d  to  e a c h  p u l s e  h e i g h t  a n a l y s e r .  The d a t a  were s u b s e q u e n t l y  t r a n s ­
f e r r e d  t o  c a r d s  by  means ofa  compute r  p rog ra m  u s i n g  t h e  p u n c h e d - c a r d  o u t p u t  
of  t h e  ICL 1905 computer  o f  S u r r e y  U n i y e r s i t y ,
Each s p e c t r u m  was i d e n t i f i e d  by a  code c o n s i s t i n g  o f  two f e t t e r s  and a 
number.  The f i r s t  l e t t e r  i n d i c a t e d  t h e  a n a l y s e r  i t  was r e c o r d e d  o n ,  t h e  second  
l e t t e r  r e l a t e d  to  t h e  type  o f  d e t e c t o r  u s e d ,  e . g .  NA-19 i n d i c a t e d  a  s p e c t r u m  
r e c o r d e d  on the  N o r t h e r  A n a l y s e r  (_N) , u s i n g  KPS 9 p l a s t i c  s c i n t i l l a t o r  a s  t h e  
t e r m i n a l  d e t e c t o r  (A)* The number 19 means t h a t  t h i s  was t h e  1 9 t h  s p e c t r u m  
r e c o r d e d  w i t h  t h i s  d e t e c t o r .  IA-19 was t h e  s i m u l t a n e o u s  s p e c t r u m  r e c o r d e d  on  
t h e  I n t e r t e c h n i q u e  a n a l y s e r  (TOF). A t o t a l  o f  a b o u t  800 s p e c t r a  w ere  r e c o r d e d .
The main p a r a m e t e r s  o f  i n t e r e s t  f rom  e a c h  s p e c t r u m  were (a )  p e a k  p o s i t i o n s
(b) the  f u l l  w i d t h  a t  h a l f  maximum f o r  each, pe a k  and (c )  t h e  c o u n t i n g  r a t e .
To a n a l y s e  t h e  l a r g e  number o f  s p e c t r a  r e c o r d e d  and i n  o r d e r , t o  o b t a i n  
t h e  main p a r a m e t e r s  o f  i n t e r e s t  i n  a  c o n s i s t e n t  way and make f u l l  u s e  o f  t h e  
r e c o r d e d  d a t a ,  a  n o n - l i n e a r ,  l e a s t  s q u a r e s  f i t  p rog ram  c a l l e d  PENNY was w r i t t e n .
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The p rogram f i t s  e a ch  s e t  o f  d a t a  w i t h  o n e ,  two o r  t h r e e  G a u s s ia n  c u r v e s  
de p e n d in g  on  i n s t r u c t i o n s .
The e q u a t i o n  u sed  f o r  one G a u s s i a n  peak  ( i t  was assumed t h a t  a l l  peaks  
o f  t h e  s p e c t r a  were  a p p r o x i m a t e l y  G a u s s i a n s )  i s  g i v e n  by
y = A exp -
where A i s  t h e  a m p l i t u d e  ( c o u n t s  p e r  c h a n n e l  a t  peak  maximum)
x i s  the  peak  p o s i t i o n  ( c h a n n e l  number)
d i s  Lite FWIIM. - ( c h a n n e l s ) ,  and
k = 1 /2 .3 5 4 6
F i g u r e  4 . 1  d e m o n s t r a t e s  g r a p h i c a l l y  a  G a u s s i a n  peak  w i t h  t h e  p a r a m e t e r s  a b o v e .
A
Xo
x-x .
kd 4 .1
F i g u r e  4 .1  The G a u s s i a n  peak  p a r a m e t e r s .
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The p rog ra m  was w r i t t e n  i n  FORTRAN u s i n g  v a r i o u s  s u b r o u t i n e s  f rom a 
s i m i l a r  p rog ram  i n  the  compute r  l i b r a r y  a t  the  R u t h e r f o r d  High Ene rgy  
L a b o r a t o r y .
The p rog ram  f i r s t  i n p u t s  on a  s i n g l e  c a r d  t h e  t i t l e  o f  t h e  s p e c t r u m  
(up to  15 c h a r a c t e r s ) , t h e  d e g r a d e r  num ber ,  t h e  t y p e  o f  s p e c t r u m  (0 = t i m e -  
o f - f  l i g h t ,  1 = p u l s e - h e i g h t  spe c t rum )  , t h e  t e r m i n a l  d e t e c t o r  type  (0 = SB 
d e t e c t o r ,  1 = EPS-9 ,  e t c . )  and t h e  a p p r o x i m a t e  peak  p o s i t i o n s ,  e s t i m a t e d  by 
i n s p e c t i o n  o f  the  CRO d i s p l a y  o f  t h e  PHA a t  t h e  t ime o f  r e c o r d i n g  o f  t h e  
s p e c t r u m .  The number o f  G a u s s ia n s  to  be f i t t e d  i s  d e r i v e d  from t h e  number 
of  e s t i m a t e d  p e a k  p o s i t i o n s  g i v e n .
The whole  o f  t h e  s p e c t r u m  i s  s u b s e q u e n t l y  i n p u t e d  and s t o r e d  i n  an ’ a r r a y ’ . 
From t h e  a p p ro x im a te  peak p o s i t i o n s  a window i s  s e l e c t e d ,  a r o u n d  e a c h  p e a k ,  to  
d e f i n e  the  p o i n t s  to  be  f i t t e d  to  t h e  c u r v e .  I n i t i a l  p a r a m e t e r  " g u e s s e s ” must  
be s u p p l i e d ,  so a p a r t  f rom t h e  a p p ro x i m a t e  peak p o s i t i o n s  ( e q u a t i o n  4 , 1 ) ,  A 
and d e s t i m a t e s  m us t  be  g i v e n .  The i n i t i a l  v a l u e  f o r  A i s  t a k e n  as  t h e  number
of  c oun ts  i n  c h a n n e l  x Q. d i s  i n i t i a l l y  p u t  e q u a l  to  4 / 5 th s  o f  t h e  d i f f e r e n c e
b e tw e en  the  f i r s t  two peak  p o s i t i o n s  i n  t h e  s p e c t r u m .  For  a  f i t  t o  a  s i n g l e  
p e a k ,  d i s  i n i t i a l l y  p u t  e q u a l  to  12 c h a n n e l s ,  f o r  t im e  s p e c t r a  and 50 c h a n n e l s  
f o r  p u l s e  h e i g h t  s p e c t r a  which c o r r e s p o n d  to  t h e  a p p ro x im a te  peak  w i d t h s  f o r  
t h e  sys te m  c a l i b r a t i o n s  u s e d .
An e x p o n e n t i a l  b a c kg round  of  t h e  fo rm B e x p [ -  S(x -  x Q)]may be  added  to  
t h e  G a u s s ia n s  i f  n e c e s s a r y  and thus  two more p a r a m e t e r s  B and S may b e  n e e d e d .
The number o f  p a r a m e t e r s  n e e ded  i n  e a c h  c a s e  i s  g iv e n  i n  t a b l e  4 . 1 .  However
s i n c e  ou r  g a t i n g  t e c h n i q u e  e l i m i n a t e s  b a c k g ro u n d  a l m o s t  c o m p l e t e l y  no b a c k g ro u n d  
c o r r e c t i o n  was deemed to  be  n e c e s s a r y .
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Tab le  4 .1  F i t t i n g  P a r a m e t e r s  f o r  G a u s s i a n s
No. o f  Peaks
No. o f  P a r a m e te r s  
E x c l u d i n g  Background
No. o f  P a r a m e t e r s  ; 
I n c l u d i n g  Background
1. 3 5
2 6 8
3
i
9 11
i
Once th e  i n i t i a l  p a r a m e t e r s  a r e  e s t i m a t e d  th e  p rog ram  c a l c u l a t e s  t h e  
e x p e c t e d  number o f  c o u n t s  f o r  e a c h  c h a n n e l  X. Th is  v a l u e  i s  compared
w i t h  t h e  e x p e r i m e n t a l  v a l u e  a l r e a d y  s t o r e d  i n  an  a r r a y  (Y ) and (Y -  Y _ )6Xp 6Xp CcllC
i s  f o u n d  f o r  c n c b  c h a n n e l .  The  s u b r o u t i n e  CENTN t h e n  v a r i e s  e a c h  o f  t h e  p a r a -
2
m e t e r s  i n  t u r n ,  u n t i l  t h e  sum of  (Y -  Y , ) f o r  a l l  c h a n n e l s ,  c a l l e d  t h e6Xp CcilC
2 • . . . .X , i n  t h e  window s e l e c t e d  i s  minimum i . e .
o v 2y — V (Y -  Y , )  = minimum .A f  exp c a l c '
The p o i n t s ,  w i t h i n  t h e  window, a r e  w e i g h te d  a c c o r d i n g  to  t h e  number o f
c oun ts  i n  t h e  c h a n n e l  so t h a t  c h a n n e l s  s i t u a t e d  n e a r  t h e  peak  c h a n n e l ,  c a r r y  more
w e i g h t  t h a n  c h a n n e l s  a t  t h e  t a i l  o f  e a c h  p e a k .  Any number o f  p a r a m e t e r s  can
be  h e l d  c o n s t a n t  w h i l e  v a r y i n g  t h e  o t h e r s .  E a c h  p a r a m e t e r  i s  t h u s  v a r i e d
. o . . .i n d e p e n d e n t l y  and th e  v a l u e  f o r  e a c h  p a r a m e t e r  found f o r  which  y l s  minimum.
Ih e  s t a t i s t i c a l  e r r o r  on ea ch  p a r a m e t e r  i s  s u b s e q u e n t l y  c a l c u l a t e d  and 
t h e  i n t e g r a t e d  a r e a  o f  e a c h  peak  xrorked o u t  i n  'CALC 3 ' .  A f u r t h e r  s u b r o u t i n e  
’PLTT’ ( w r i t t e n  by Dr .  R. B a r r e t t ,  P h y s i c s  D e p a r tm e n t ,  U n i v e r s i t y  o f  S u r r e y )  
p l o t s  the  e x p e r i m e n t a l  p o i n t s ,  u s i n g  the  symbol E ,  and the  f i t t e d  p o i n t s ,  u s i n g  
t h e  symbol  1 on a  g raph  on t h e  l i n e  p r i n t e r .  T y p i c a l  g r a p h s  a r e  shown i n
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f i g u r e  4 . 2 .  F i g u r e  4 . 3  g i v e s  a c h a r t  o f  t h e  main f u n c t i o n s  o f  t h e  p rogram 
PENNY i n d i c a t i n g  the  a c t i o n  o f  each  s u b r o u t i n e .
M o d i f i c a t i o n s  to  the  p rog ra m  were n e c e s s a r y  f o r  t h e  a n a l y s i s  o f  t h e  
NS-600 s p e c t r a .  The number o f  c h a n n e l s  r e c o r d e d  on punched  t a p e  was d i f f e r e n t  
f rom r u n  to  ru n  and t h i s  number had to  be s p e c i f i e d  on t h e  f i r s t  ’ c o n t r o l ’ 
c a r d  p r e c e d i n g  th e  d a t a  o f  e a c h  s p e c t r u m .  A lso  t h e  t r u e  c o u n t i n g  t im e  xras 
r e a d  from c h a n n e l  1 so t h a t  t h e  c o u n t i n g  r a t e  c o u l d  be c a l c u l a t e d .
When t h r e e  G a u s s i a n  pe a ks  were f i t t e d  i n  any p a r t i c u l a r  c a s e t h e  number •' 
of  p a r a m e t e r s  v a r i e d ( 9) x^as l a r g e  and thus  t h e  u n c e r t a i n t y  i n  o b t a i n i n g  the  
peak  p o s i t i o n s  was sometimes  g r e a t e r  t h a n  ± 1 .5  c h a n n e l s .  The p ro g ra m  was 
t h e n  r e - r u n ,  so t h a t  t h e  two h i g h e r  pe a ks  ( c o r r e s p o n d i n g  to  t h e  f i s s i o n  
f r a g m e n t s )  x^ere f i t t e d  a g a i n  w i t h  ' t h e  f i r s t  pe a k  of  t h e  s p e c t r u m  ( a - p e a k )  
i g n o r e d .  Th is  method gave a much improved  a c c u r a c y  f o r  t h e  peak  c e n t r o i d s  
( l e s s  th a n  0 . 5  c h a n n e l s )  s i n c e  the  number o f  p a r a m e t e r s  was r e d u c e d  f rom  9 to  
6 Csee t a b l e  4 . 1 ) .
Most o f  tire d a t a  were a n a l y s e d  on th e  U n v i e r s i t y  o f  S u r r e y  main c om pute r  
(ICL 19 0 5 F ) . Some were a n a l y s e d  on t h e  IBM 360 machine a t  t h e  R u t h e r f o r d  High 
Ene rgy  L a b o r a t o r y  and t h e  r e s t  on the  U n i v e r s i t y  o f  London main compute r  (CDC 
7600) .
4 . 2  Gain S h i f t  A d j u s tm e n t s  to  P u l s e  H e i g h t  D a ta
The c o u n t i n g  t im e  f o r  e a c h  s p e c t r u m  r a n g e d  from a few m in u t e s  ( a - s p e c t r a )  
t o  3-4  h o u r s  ( f i s s i o n  f r a g m e n t  s p e c t r a ) . I n  t h e  l a t t e r  c a s e  i t  was n e c e s s a r y  
to  make s u r e  t h a t  g a i n  s h i f t s  were  t a k e n  i n t o  c o n s i d e r a t i o n .
As p r e v i o u s l y  m en t io n e d  g a i n  s h i f t s  i n  t h e  s c i n t i l l a t i o n  s p e c t r a  a r o s e  as  
a r e s u l t  o f  v a r i a t i o n s  i n  t h e  t e m p e r a t u r e  o f  t h e  dynode r e s i s t o r - c h a i n  c a u s e d
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a ~ p a r t i c i . e s  shown above were e l i m i n a t e d  by g a t i n g .
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F i g u r e 4 . 2 ( d )  I n v e r s e  TOF s p e c t r u m o b t a i n e d  w i t h  a  s u r f a c e  b a r r i e r
d e t e c t o r . ( d e g r a d e r  p o s i t i o n  1) .
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F i g u r e  A .2 (e )  P u l s e  h e i g h t  s p e c t r u m  o b t a i n e d  w i t h  a s u r f a c e  b a r r i e r  d e t e c t o r
( d e g r a d e r  p o s i t i o n  2) .
MAIN PROGRAM
PENNY
Read i n i t i a l  card
In p u t Data
E s tim a te  window and 
i n i t i a l  p a ram ete rs
P r in t  raw d a ta
CALL GENIN GENIN
P r in t  r e s u l t s  o f f i t  £ F ind  Y , from  i n i t i a l  c a lc
p a ram e te rs
(one ,tw o  o r  th re e
G au ssians)
CALL CALC 3
Punch ca rd  w ith  r e s u l t s
F in d  x:S e t up p l o t t i n g  p a ram e te rs
F ind  Y .. -Yc a lc  exp
S et up s im u ltan eo u s  
e q u a tio n s  f o r  a l l  p o in ts  
w ith in  window
CALL PLTT
I f  peak No,=3 re p e a t  
fo r  l a s t  2 peaks
CALL MAITIN V
P r in t  r e s u l t s  a f t e r  
i t e r a t i o n
Check d i f f e r e n c e  w i th  
pr ev i ou s  p a ra m e te rs
D ecide f i n a l  p a ra m e te rs
So lves s im u lta n e o u s  
e q n . b y  m a tr ix  in v e r s io n  
v a r ie s  p a ra m e te rs  i n  tu rn  
so  t h a t  x 2 = m in .
MATINV
P r in t  a d d i t io n a l  
r e s u l t s .
C a lc u la te  a re a s  
under peaks
C a lc u la te  t o t a l  e r r o r s
CALC 3 <r
A d ju s t s c a le s
P lo t  on l in e  p r i n t e r  
a sk e tc h  of e x p e rim e n ta l 
r e s u l t s  (E) and f i t t e d  
r e s u l t s  Cl)
S e t up axes
PLTT
F ig u re  4 ,3  Flow c h a r t  o f  FORTRAN com puter program  f o r  a n o n - l in e a r  
l e a s t  sq u are  f i t  to  o ne , two o r  th r e e  G aussian  p e a k s .
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by i n s u f f i c i e n t  c o o l i n g  i n s i d e  t h e  vacuum chamber.
The u n d e g ra d e d  252Cf a - p e a k  was u sed  as  a che ck  f o r  t h e s e  g a i n  s h i f t s ,  
r e c o r d e d  b e f o r e  and a f t e r  e a ch  r u n .  The s h i f t  i n  the  a - p e a k  p o s i t i o n  gave 
t h e  m agn i tude  o f  t h e  p e r c e n t a g e  g a i n - s h i f t  i n  t h e  p u l s e  h e i g h t .  In  mos t  c a s e s  
t h e  g a i n  s h i f t  was l e s s  t h a n  1% b u t  i n  some c a s e s  i t  was as  h i g h  as  5%. F o r  
s h i f t s  g r e a t e r  t h a n  1% c o r r e c t i o n s  were  made by r e f e r e n c e  to  t h e  u n d e r g r a d e d  
a - p e a k  as  f o l l o w s .
I t  i s  f i r s t  assumed t h a t  t h e  a - p e a k  f o r  t h e  unde g ra d e d  c a l i b r a t i o n  
s p e c t r u m  was c e n t r e d  on c h a n n e l  C . By u s i n g  t h e  p u l s e  g e n e r a t o r  to  i n j e c t  
p u l s e s  i n t o  t h e  p r e - a m p l i f i e r  a  c a l i b r a t i o n  l i n e  was o b t a i n e d  f o r  e a c h  a m p l i ­
f i e r  g a i n  s e t t i n g  u s e d .  P i s  t a k e n  to  be  the  p u l s e  h e i g h t  and C th e  c h a n n e l  
number.  By l e a v i n g  the  a m p l i f i e r ,  f i n e  s e t t i n g  c o n s t a n t  and v a r y i n g  t h e  
s w i t c h - s e l e c t e d  c o a r s e  g a i n ,  t h e  c a l i b r a t i o n  l i n e  f o r  e a c h  g a i n  was o b t a i n e d :  
For  c o a r s e  g a i n  100,  P = M1Q0 C + C10q 
For  c o a r s e  g a i n  50 ,  P = M5Q C + C5Q
F or  c o a r s e  g a i n  10 ,  P = MlQ C + C1Q
T y p i c a l  r e s u l t s  o b t a i n e d  were
M100 = ° - 02(5 )  ’ c ioo = ° - 01
Ms0 = 0 .0 5 ( 9 )  , C50 = 0.-02
M10 = 0 .2 3 ( 1 )  , C10 = 0 .0 1
I f  t h e  p o s i t i o n  o f  the  a - p e a k  on t h e  c a l i b r a t i o n  s p e c t r u m  i n d i c a t e d  a  s h i f t
f rom C to  c ’ » t h e n  P m us t  a c c o r d i n g l y  have  s h i f t e d  to  P where  
aO aO aO a
P 1 = M C 1 + C
a 100 a 100
The f r a c t i o n a l  i n c r e a s e  6 was g i v e n  by
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Assuming t h a t  t h e  f i s s i o n  f r a g m e n t  r e c o r d i n g s  were e q u a l l y  i n f l u e n c e d ,  th e n  
the  r e c o r d e d  p o s i t i o n  f o r  LF pe a k  P ^ ’ d i f f e r e d  from t h e  a c t u a l  p o s i t i o n  P^
( s h i f t  f r e e )  by  t h e  same f r a c t i o n  6, so t h a t
P 1 -  P
P ’ “  PL LAssuming t h a t  t h e  s h i f t s  a r e  n o t  too g r e a t ,  P, =: P '  and 6 = — — ;------
L
T h e r e f o r e  t h e  r e l a t i o n  be tw een  t h e  o b s e r v e d  p u l s e  h e i g h t  and t h e  a c t u a l  p u l s e  
h e i g h t  i s
P = P 1 -  6 P *L L L
where 6 i s  c a l c u l a t e d  f rom t h e  s h i f t  i n  the  a - p e a k .
Most f i s s i o n  f r a g m e n t  p u l s e - h e i g h t  s p e c t r a  were r e c o r d e d  w i t h  c o a r s e  
a m p l i f i e r  g a i n  5 .  The c o r r e c t e d  c h a n n e l  number was t hus  found  from
P L  "  M5 C L  +  C 5 ' '
g i v i n g  t h u s  CL = ( pL ? “  6 PL ? “  c 5) •
5
I n  o r d e r  to  e l i m i n a t e  t h e s e  g a i n - s h i f t s ,  t h e  s y s te m  c o u ld  be  improved  
i n  two w a y s .  The vacuum s y s t e m  c o u ld  be  r e - d e s i g n e d  to  e n a b l e  t h e  dynode 
c h a i n  r e s i s t o r s  t o  b e  o p e r a t e d  o u t s i d e  t h e  vacuum chamber.  S e c o n d ly  i n  o r d e r  t o  
m in im ise  g a in  v a r i a t i o n s ,  p a r t i c u l a r l y  o f  t h e  HT s u p p l y ,  v o l t a g e  s t a b i l i s e d  power 
s u p p l i e s  s h o u ld  be u s e d .
4 .3  S t a t i s t i c a l  E r r o r s  and C o r r e c t i o n s
Whenever t h e  g a i n  s h i f t s  were j u d g e d  t o  b e  p a r t i c u l a r l y  l a r g e ,  i t  was 
n e c e s s a r y  t o  have  s h o r t e r  r u n s  i n  o r d e r  t o  r e d u c e  t h e s e  s y s t e m a t i c  e r r o r s .  The 
low c o u n t i n g  r a t e s  i n v o l v e d ,  t h e n  caused  i n c r e a s e d  s t a t i s t i c a l  e r r o r s . .  I n
-  90 -
o r d e r  t o  m in im ise  t h e s e  e r r o r s ,  t h e  p e a k - f i t  p rog ram  was a d j u s t e d  so t h a t  
t h e  c h a n n e l s  were w e i g h t e d  i n  a c c o r d a n c e  w i t h  the  c o u n t s  r e g i s t e r e d  i n  e a c h  
one .  I n  t h i s  the  peak  c e n t r o i d  was e s t i m a t e d  to  w i t h i n  one c h a n n e l  even  
though the FWHM of  the  f i s s i o n  f ra g m en t  p e a k s  was o f  the  o r d e r  of  50 c h a n n e l s .
The FWHM, i n  t h i s  c a s e ,  was n o t  a  measure  o f  t h e  u n c e r t a i n t y  i n  the  peak  
p o s i t i o n  b e c a u s e  t h e  s o u r c e  p r o v i d e d  a l a r g e  r a n g e  o f  f i s s i o n  f r a g m e n t s  w i t h  
d i f f e r e n t  masses  and e n e r g i e s .  The peak  p o s i t i o n s  c o r r e s p o n d e d  t o  t h e  m edian  
l i g h t  and  heavy  f r a g m e n t s  and t h e s e  a r e  t h e  ones  we i n v e s t i g a t e d .
4 .4  C a l c u l a t i o n  o f  Ion  E n e r g i e s
4 . 4 . 1  A l p h a - p a r t i c l e  e n e r g i e s
The e n e r g i e s  o f  the a - p a r t i c l e s  f rom th e  2‘)2Cf s o u r c e  (undeg raded  
e n e rg y  = 6 .114  MeV) were m easu red  a f t e r  p a s s i n g  e a c h  d e g r a d e r  by u s i n g  th e  
s u r f a c e  b a r r i e r  d e t e c t o r  ( s e e  s e c t i o n  3 . 3 . 1 ) . ,
The r e s p o n s e  o f  a. s u r f a c e  b a r r i e r  d e t e c t o r  t o  a - p a r t i c l e s  i s  known to  
be a c c u r a t e l y  l i n e a r .  By u s i n g  t h e  c a l i b r a t i o n  s o u r c e ,  t h e  p u l s e  h e i g h t  Ca
c o r r e s p o n d i n g  to  t h e  e n e rg y  o f  6 .1 1 4  MeV was r e c o r d e d  and  thus  t h e  d e t e c t o r  
was c a l i b r a t e d  and t h e  Ene rgy  E f o r  e a c h  c h a n n e l  C was g i v e n  by
E = 6 ? f u C + C '
where  C’ was fo u n d ,  i n  t h i s  c a s e , t o  be z e r o  w i t h i n  t h e  a c c u r a c y  o f  t h e  m e thod .  
Thus t h e  r e s i d u a l  a - e n e r g i e s  f o r  a l l  d e g r a d e r s  were  c a l c u l a t e d .
i
4 . 4 . 2  F i s s i o n - f r a g m e n t  e n e r g i e s  u s i n g  s u r f a ce b a r r i e r  d a t a
The S c h m i t t  c a l i b r a t i o n  f o r  t h e  s u r f a c e  b a r r i e r  d e t e c t o r  d e s c r i b e d  i n  
s e c t i o n  3 . 3 . 2  was u s e d .  The c a l i b r a t i o n  l i n e s  o b t a i n e d  u s i n g  th e  t h i n  252Cf 
s o u r c e  were f o r  t h e  l i g h t  and  heavy  f r a g m e n t s  r e s p e c t i v e l y :
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EL = 2 . 3 7 ( 5 )  XL + 6 . 7 ( 2 )  MeV
E = 2 .4 8 ( 2 )  + 7 .1 ( 4 )  MeV.
where E, and Eu a r e  the  median l i g h t  and heavy  f r a g m e n t  e n e r g i e s  i n  MeV and L n
and XH a r e  t h e  p u l s e  h e i g h t s  c o r r e s p o n d in g ,  t o  t h e  p e a k s .  Thus, the  m easu red  
p u l s e  h e i g h t  d e f e c t s  f o r  t h e  d e t e c t o r  u s e d  were 6 . 7 2  and 7.14 MeV f o r  the  l i g h t  
and heavy  f r a g m e n t  r e s p e c t i v e l y .
4 . 4 . 3  F i s s i o n  f r a g m e n t  e n e r g i e s  u s i n g  TOF d a t a
A more a b s o l u t e  method o f  c a l c u l a t i n g  th e  e n e r g i e s  o f  t h e  f i s s i o n  f r a g ­
ments  i s  the  method d e s c r i b e d  i n  s e c t i o n  3 . 1 . 4  f o r  m e a s u r in g  a b s o l u t e  v e l o c i t i e s  
by e x t e n d i n g  th e  f l i g h t  p a t h  and r e c o r d i n g  the  s h i f t  i n  t h e  peak  p o s i t i o n  on t h e  
t im e  s p e c t r u m .  The use  o f  the  e x t e n d e d  f l i g h t  p a t h  was accom pan ied  b y  a marked 
r e d u c t i o n  i n  t h e  c o u n t i n g  r a t e .  T h i s  made much l o n g e r  c o u n t i n g  t im e s  n e c e s s a r y ,  
thus  i n c r e a s i n g  th e  p r o b a b i l i t y  o f  g a i n  d r i f t s .  F o r  t h i s  r e a s o n ,  o n l y  a 
l i m i t e d  number o f  d e g r a d e r s  were u s e d ,  s u f f i c i e n t  to  e n a b l e  t h e  d e t e r m i n a t i o n  
o f  t h e  z e r o - t i m e  c h a n n e l .  S u b s e q u e n t l y  t h e  s h o r t  f l i g h t  p a t h  s p e c t r a  were  u s e d  to  
c a l c u l a t e  t h e  v e l o c i t i e s .
Because t h e  d e l a y s  i n  t h e  s t a r t  and s to p  l i n e s  o f  t h e  t i m e - o f - f l i g h t  
e l e c t r o n i c s  c a n n o t  be a c c u r a t e l y  known, the  c h a n n e l  number f o r  which  time, i s  
ze ro  has  to  be e i t h e r  found  e x p e r i m e n t a l l y  o r  be e s t i m a t e d  from e x p e r i m e n t a l  
r e s u l t s .
I n  s e c t i o n  3 . 1 . 3  an  a t t e m p t  to  o b t a i n  t h e  z e r o - t i m e  e x p e r i m e n t a l l y  was 
d e s c r i b e d .  A l t e r n a t i v e l y  i t  may b e  e s t i m a t e d  as  f o l l o w s :  i f  X i s  t h e  peak  
p o s i t i o n  f o r  a f i s s i o n  f r a g m e n t  on t h e  t im e  s p e c t r u m  and m i s  t h e  r e l a t i v e  
c a l i b r a t i o n  c o n s t a n t  ( found  t o  be 6 . 1 7  c h a n n e l s  p e r  n a n o s e c o n d ) , a nd  i f  t h e  
f l i g h t  p a t h  i s  s and th e  p a r t i c l e  v e l o c i t y  i s  v ,  t h e  t im e  of  f l i g h t  t  i s  g i v e n
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b y
t  = — ns which  i s  e q u i v a l e n t  t o  —  c h a n n e l s ,  v v
I f  t h e  z e r o - t i m e  c h a n n e l  i s  c h a n n e l  CQ t h e n  the  peak  p o s i t i o n  w i l l  be g i v e n  
by
X = C + —  c h a n n e l s  0 v
T h e r e f o r e  the  ze ro  c h a n n e l  CQ i s  g iv e n  by
C = X -  —  ,0 v ’
and can be e s t i m a t e d  from t h e  v a l u e s  o f  X and v .  Tab le  4 . 2  g i v e s  some o f  the  
TOF m easurem ents  o b t a i n e d  w i t h  t h e  f l i g h t  p a t h  e x t e n d e d  by 25 cm, t h e  v e l o c i t i e s ,  
t h e  e n e r g i e s  and t h e  z e r o - t i m e  c h a n n e l  e s t i m a t e d  i n  e a ch  c a s e .  A l s o  t h e  e n e r g y  
< r e s u l t s  f rom t h e  Schm it t  c a l i b r a t i o n  o f  the  s u r f a c e  b a r r i e r  m easu rem en ts  a r e  —  
i n c l u d e d  f o r  c om pa r i son .
I t  can be s e en  from Lbo ze ro -d im * v a l u e s  o b t a i n e d  from th e  l i g h t  and 
e n e rg y  f r a g m e n t s  t h a t  t h e r e  i s  no e v i d e n c e  o f  any s y s t e m a t i c  cha n g es  due to  
d i f f e r e n t  t r i g g e r i n g  e f f e c t s  by t h e  v a r i o u s  p a r t i c l e s .  The a v e r a g e  v a l u e  f o r  
CQ was 6 .6 8  c h a n n e l s .  When b e t t e r  f i t s  were  o b t a i n e d  t o  t h e  t ime  s p e c t r a  t h e  
z e r o - t i m e  c a l c u l a t i o n s  were  r e p e a t e d  and an a v e r a g e  v a l u e  f o r  CQ was found  to  
be  6 .4 3 1  c h a n n e l s .  The c a l c u l a t e d  f i s s i o n  f r a g m e n t  e n e r g i e s  u s i n g  t h i s  v a l u e  
a r e  s h o w n ' i n  t a b l e  4 . 3 ,  t o g e t h e r  w i t h  t h e  a - e n e r g i e s  and t h e  d e g r a d e r  t h i c k n e s s e s  
f o r  e a c h  d e g r a d e r .
The d e g r a d e r  t h i c k n e s s e s  were e s t i m a t e d  from s t o p p i n g  power d a t a  f o r  a -  
p a r  t i d e s  i n  p l a s t i c  and the  a - e n e r g y  l o s s  i n  e ach  d e g r a d e r .
S t a t i s t i c a l  e r r o r s  i n  e s t i m a t i n g  t h e  t ime s p e c t r u m  peak  p o s i t i o n s  r a n g e d  
from 0 . 2  t o  0 . 7  c h a n n e l s  t h u s  g i v i n g  an u n c e r t a i n t y  i n  the  r e g i o n  o f  . 0 3  to  
0 . 1 3  n s . ' The c o n t r i b u t i o n  from two m easu rem en ts  w i t h  t h e  w o r s t  e r r o r ,  0 . 1 3  ns
-  93 -
TABLE 4.2
T i m e - o f - f l i g h t  s p e c t r a  a n a l y s i s  and c o m pa r i son  w i t h  e n e rg y  d a t a
from SB d e t e c t o r
A. L i g h t  F ragments
D e gra de r
Number
( 1 )TOF v J
( f o r  S=25cm)
ns
V e l o c i t y
cm/ns
e l
MeV
Zero-Time 
Channel  No.
c o
e l ;
, ( f rom  SB)
MeV
! ___
1 1 9 .2 8 (6 ) 1 .297± 0 .005 9 2 . 4 8 ± 0 . 7 6 .65 9 3 . 7±1 .3
2 1 9 .8 5 (0 ) 1 .2 5 9 ± 0 .0 0 4 8 7 . 31±0.6 6 .3 6 89 .  2±1.5
3 2 0 .4 1 ( 0 ) 1 .2 2 5 1 0 .0 0 4 8 2 . 56±0.6 7 .3 1 8 1 . 5 ± 2 . 1
6 2 3 .5 1 ( 2 ) 1 . 0 6 3 ± 0 .005 6 2 , 22 ± 0 ,5 7.29 59 . 6 5 ± 3 . 2
B. Heavy Fragments
D egrader
Number
( i )TOF  ^ '
( f o r  S=25cm)
ns
V e l o c i t y
cm/ns
e h
MeV
Zero-Time 
Channel  No.
C0
e H
(from  SB) 
MeV
1 2 5 .4 9 ( 6 ) 0 . 9 8 2 ± 0 . 06 7 0 .4 0 1 0 .9 8 6 .69 7 0 .3 9 1 1 .4
2 2 6 .1 9 (1 ) 0 .9 5 4 1 0 .0 0 5 6 6 .7 1 1 0 .6 4 6 .1 3 6 6 . 6 4 1 0 . 5
3 2 7 .3 8 ( 3 ) 0 .9 1 3 1 0 .0 0 5 6 l . 1010 .65 6 .35 6 0 . 0 3 1 1 . 2
( i )  . . ‘ .Th is  v a l u e  i s  i n  f a c t  t h e  s h i f t  m  t h e  f i s s i o n  f r a g m e n t  p e a k  c e n t r o i d
o f  the  t i m e - o f - f l i g h t  s p e c t r u m ,  when an a d d i t i o n a l  f l i g h t  p a t h  o f  25 cm
i s  i n t r o d u c e d .
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TABLE 4 .3
The t o t a l  t h i c k n e s s  o f  e a ch  d e g r a d e r  u sed  ( i n c l u d i n g  th e  TFD) 
t o g e t h e r  w i t h  the  a - p a r t i c l e  and l i g h t  and heavy  f r a g m e n t  
e n e r g i e s  o b t a i n e d .
D eg rader  
Number 
(on c a r u s e l )K
D egrader  
; t h i c k n e s s
i
j mg/cm2
I
i  a 
1 MeV '
j ‘
i
El f
MeV
Eh f
MeV
1 0 .0 5 3 1
i
5 .9 5 3 9 2 .2 8 70.55
2 0.0859 5 .9 0 8 87 .4 0 .6 6 .9 0
■ 7 / 0 .1 7 7 0 5 .8 3 0 80 .62 5 9 .9 4
3 0 .1815 5 .826 81 .83 61 .12
4 0 .2 3 3 0 5 .7 8 1 76 .41 56 .3 9
8 0 .2849 5 .736 72 .07 52 .66
5 0 .3124 5 .712 70.86 5 1 .6 4
6 0 .4 3 6 8  . 5 .6 0 1 60 .8 5 44 .24
9 0 .4917 5 .5 5 1 56 .2 5 38 .48
11 0 .8 5 9 4 5 .205 40.06 2 5 .4 4
10 1.5016 4.541 11.05 -
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gave a  t o t a l  e r r o r  i n  t h e  t im e  d i f f e r e n c e  o f  0 .19  n s .  Th i s  g i v e s  a 
f r a c t i o n a l  e r r o r  of'  0 . 1 9 / 2 9 . 8 1 , ;  i . e . 0.6% f o r  t h e  p a r t i c l e  group w i t h  the  
s h o r t e s t  t ime d i f f e r e n c e  ( p o s i t i o n  I,  no d o g r a d c r )  w i th  and w i t h o u t  the 
e x t e n d e d  f l i g h t  p a t h .  The maximum f r a c t i o n a l  e r r o r  w i t h o u t  t h e  e x t r a  p a t h  
i s  l e s s  th a n  0 . 1%.
Over long  c o u n t i n g  p e r i o d s  t h e  maximum TOF peak  s h i f t  o b s e r v e d  was 
o f  t h e  o r d e r  o f  0 . 5  n s .  Te m pera tu re  v a r i a t i o n s  may be  t h e  c a u se  o f  t h i s ,  
and t h i s  c ou ld  a l s o  be  r e d u c e d  w i t h  t h e  dynode c h a i n  o u t s i d e  the  vacuum 
chamber.
I n  t h e  b e s t  c a s e s ,  u s i n g  t h e  f l i g h t  p a t h  o f  o v e r  35 cm two pe a ks
w i t h  e r r o r s  0 .0 3 1  n s , gave an e r r o r  i n  the  TOF of  0 . 0 4 4  n s ,  thus  g i v i n g
a f r a c t i o n a l  e r r o r  o f  a b o u t  0.1%. The p r e s e n t  s e t - u p  i s  t h e r e f o r e  c a p a b l e  
a tle/fhrvifcioyu l(
of  t ime r e s o l u t i o n s  o f  as  low as  0 . 0 4  ns  and o v e r a l l  a c c u r a c y  o f  0.2% on 
the  e n e r g y  measurements  u s i n g  a , f l i g h t - p a t h  o f  s e v e r a l  t e n s  o f  c e n t i m e t e r s  
p r o v i d e d  the  s h i f t s  due t o  t e m p e r a t u r e  v a r i a t i o n s  a r e  overcome,  o r  t h e i r  
e f f e c t s  r e d u c e d  by u s i n g  a much s t r o n g e r  s o u r c e  and t h u s  r e d u c i n g  t h e  c o u n t i n g  
time,.
4 .5  The E f f e c t  o f  Energy D e g r a d e r s
The main d i s a d v a n t a g e s  o f  u s i n g  t h i n  p l a s t i c  f i l m s  to  o b t a i n  lower  
e n e r g i e s  o f  f i s s i o n  f r a g m e n t s  a r e :
(a)  The d e c r e a s e  i n  c o u n t i n g  r a t e
(b) The d i s p e r s i o n  o f  t i m e - o f - f l i g h t .
F i g u r e  4 .4  shows th e  o b s e r v e d  v a r i a t i o n  i n  t h e  c o u n t i n g  r a t e  f o r  l i g h t  
and heavy  f r a g m e n t s  f o r  t h e  v a r i o u s  d e g r a d e r  t h i c k n e s s e s  u s e d  t h r o u g h o u t
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t h i s  p r o j e c t .  The c oun t  r a t e  was o b t a i n e d  from c a l c u l a t i o n s  o f  t h e  peak  
a r e a  and r e c o r d i n g  o f  the  t o t a l  c o u n t i n g  t ime i n  t h e  p u l s e  h e i g h t  s p e c t r a .
The c o u n t i n g  r a t e s  f o r  t h e  l i g h t  f r a g m e n t s  have  a  g r e a t e r  u n c e r t a i n t y  as 
i t  was d i f f i c u l t  t o  d i s c r i m i n a t e  a g a i n s t  a l l  t h e  a - p a r t i c l e s , by g a t i n g  
u s i n g  the  t i m e - o f - f l i g h t  s p e c t r u m ,  w i t h o u t  l o s i n g  some o f  t h e  l i g h t  
f r a g m e n t s  as  w e l l .
The r e s u l t s  o f  f i g u r e  h .h  show, t h a t  the. c o u n t i n g  r a t e  d rops  d r a s t i c a l l y  
as t h e  t h i c k n e s s  i n c r e a s e s  and t h i s  e f f e c t  i s  g r e a t e r  f o r  heavy f r a g m e n t s .
This  d e c r e a s e  i s  p r o b a b l y  due t o  s c a t t e r i n g .  The a n g le  s u b t e n d e d  by t h e  
t e r m i n a l  d e t e c t o r  a t  t h e  d e g r a d e r  f o i l  i s  a p p r o x i m a t e l y  10° (± 5° e i t h e r  
s i d e  o f  t h e  c e n t r a l  l i n e  t h ro u g h  th e  two d e t e c to r s ' )  so  any s c a t t e r i n g  e x c e e d i n g  
t h i s  a n g le  r e s u l t s  i n  a r e d u c t i o n  i n  t h e  c o u n t i n g  r a t e .  The e f f e c t  o b s e r v e d  
i s  much g r e a t e r  t h a n  e x p e c t e d  e s p e c i a l l y  f o r  t h e  low e n e rg y  heavy  f r a g m e n t s .  
I n v e s t i g a t i o n  o f  t h i s  e f f e c t  m e r i t s  f u r t h e r  work b u t  i t  i s  c o n s i d e r e d  beyond  
the  scope  o f  t h e  p r e s e n t  p r o j e c t .
The e n e rg y  d i s p e r s i o n  o f  c h a rg e d  p a r t i c l e s  o t h e r w i s e  known as  ' s t r a g g l i n g *  
has  b e e n  s t u d i e d  b o t h  e x p e r i m e n t a l l y  and t h e o r e t i c a l l y ,  by v a r i o u s  a u t h o r s ^ 29) .  
The e f f e c t  o f  s t r a g g l i n g  u s u a l l y  r e f e r s  to  t h e  e n e rg y  b r o a d e n i n g  o f  an i n i t i a l l y  
m o n o e n e r g e t i c  beam o f  p a r t i c l e s  p a s s i n g  t h r o u g h  m a t t e r .  I n  t h e  c a s e  o f  t h e  
252Cf f i s s i o n  s o u r c e ,  however ,  t h e r e  i s  a  wide  r a n g e  o f  d i f f e r e n t  masses  and 
the  p a r t i c l e s  a r e  n o t  m o n o e n e r g e t i c .
A l - B e d r i ( 29 ) has  m e a s u r e d - t h e  s t r a g g l i n g  p a r a m e t e r s  o f  l i g h t  and heavy  
f r a g m e n t s  t h rough  v a r i o u s  s t o p p i n g  m a t e r i a l s  u s i n g  a s u r f a c e  b a r r i e r  d e t e c t o r .
I t  s h o u ld  be n o t e d  however ,  t h a t  the  r e s p o n s e  o f  the  SB d e t e c t o r  i s  w i d e l y  
d i f f e r e n t ,  f o r  d i f f e r e n t  p a r t i c l e s  o f  d i f f e r e n t  m ass .  Thus t h e  FWHM m ea s u red  
by A l - B e d r i  u s i n g  th e  SB d e t e c t o r  i s  p r o b a b l y  more s e n s i t i v e  t o  v a r i a t i o n  o f
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D E G R A D E R  T H I C K N E S S  m g / c n f
F i g u r e  4„4 The c o u n t i n g  r a t e  o f  f i s s i o n  f r a g m e n t s  as a f u n c t i o n  
o f  d e g r a d e r  t h i c k n e s s  f o r  a f l i g h t  p a t h  o f  13 .65  cm.
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the  d e t e c t o r  r e s p o n s e  t o  d i f f e r e n t  masses  t h a n  t o  t h e  m a t e r i a l  t h i c k n e s s .
An a l t e r n a t i v e  a p p ro a c h  i s  p u r s u e d  h e r e .  The t i m e - o f - f l i g h t  s p e c t r a  
were  u s e d  t o  c a l c u l a t e  t h e  FWHM. I t  was shown e x p e r i m e n t a l l y  ( s e e  s e c t i o n  
4 . 4 . 3) t h a t  t h e r e  a r e  no m e a s u r a b l e  t r i g g e r i n g  d i f f e r e n c e s  a r i s i n g  from 
l i g h t  and heavy  f r a g m e n t  p u l s e s .  Thus t h e  s p r e a d  i n  t h e  peak  o f  a t i m e - o f -  
f l i g h t  s p e c t r u m  i s  n o t  d e p e n d e n t  on th e  d e t e c t o r  r e s p o n s e  o f  t h e  d i f f e r e n t  
p a r t i c l e s ,  i . e .  t h e  t im e  wa lk  o f  t h e  s y s t e m  i s  i n d e p e n d e n t  o f  t h e  p a r t i c l e  
t y p e  when c o n s t a n t  f r a c t i o n  t i m i n g  i s  u s e d .  The FWHM f o r  l i g h t  and heavy 
f r a g m e n t s  o b t a i n e d  w i t h  f l i g h t  p a t h s  o f  13 .65  cm and 38 .65  cm as  a f u n c t i o n  
o f  t h e  d e g r a d e r  t h i c k n e s s  a r e  shown i n  f i g u r e s  4 .5  and 4 . 6 .  Bo th  l i g h t  and 
heavy  f r a g m e n t s  show a s i m i l a r  b e h a v i o u r  o f  a  m o n o t o n i c a l l y  i n c r e a s i n g  FWHM 
w i t h  t h i c k n e s s .  I n  f i g u r e  4 .5  we can s e e  t h a t  t h e  FWHM f o r  t h e  l i g h t  f r a g ­
ment  t e n d s  . towards*a  v a l u e  o f  1 .2  ns  which  g i v e s  an i n d i c a t i o n  o f  t h e  u p p e r  
l i m i t  i n  t h e  u n c e r t a i n t y  r e g r a d i n g  t h e  t i m e - o f - f l i g h t  m e a s u r e m e n ts .
By u s i n g  th e  mass d i s t r i b u t i o n  d a t a  f o r  t h e  252Cf f i s s i o n  f r a g m e n t s ,  
( f i g u r e  1 . 8 ) t h e  masses  M , M^  c o r r e s p o n d i n g  to  t h e  end p o i n t s  o f  t h e  FWHM f o r '  
t h e  l i g h t  f r a g m e n t s  and M and M t h e  corresponding masses  f rom t h e  FWHM of  t h e  
heavy  f r a g m e n t s  a r e  o b t a i n e d .  S u b s e q u e n t l y  t h e  t ime  s p e c t r a  o f  f i g u r e  4 .5  a r e  
used  to  c a l c u l a t e  t h e  AE v a l u e s  (FWHM o f  t h e  e n e rg y  s p e c t r a )  c o r r e s p o n d i n g  t o  
t h e  At v a l u e s  (FWHM of  t h e  TOF s p e c t r a ) . The r e s u l t s  a r e  shown, i n  t h e  c a se  
o f  t h e  s h o r t  f l i g h t  p a t h ,  i n  f i g u r e  4 . 7  t o g e t h e r  w i t h  the  r e s u l t s  o b t a i n e d  
f o r  l i g h t  and heavy f r a g m e n t  w i t h  t h e  s u r f a c e - b a r r i e r  d e t e c t o r ,  f o r  c o m p a r i s o n .  
The f i g u r e  shows t h a t  the  t r e n d s  o b t a i n e d  f o r  t h e  v a r i a t i o n  o f  AE(FWHM) a r e  
s i m i l a r  a l t h o u g h  the  a c t u a l  v a l u e s  d i f f e r .  The SB v a l u e s  a r e  o b t a i n e d  u s i n g  
the  S c h m i t t  c a l i b r a t i o n  and made no a l l o w a n c e  f o r  t h e  d i s t r i b u t i o n  o f  m asses  
w i t h i n  e ach  f i s s i o n  f r a g m e n t  p e a k .  Thus t h e  r e s u l t s  o b t a i n e d  f rom t h e  TOF 
d a t a  a r e  more r e l i a b l e .
-  yy  -
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Stop : KL 212
Flight P a th :  13165 cm
1 JO
THICKNESS
F i g u r e  4 .5  F.W.H.M.- as  a f u n c t i o n  o f  t h i c k n e s s  f o r  f i s s i o n  f r a g m e n t s
o f  t i m e - o f - f l i g h t  s p e c t r a  u s i n g  the  s h o r t  f l i g h t  p a t h  and 
p l a s t i c  s c i n t i l l a t o r s .
10
H.F.
8
L.F.6
L
Start: KL-EPS 9 T.ED. 
Stop : KL-EPS 9 
Flight Path:38.65 cm
THICKNESS mg/cm^
F i g u r e  4 .6  F.W.H.M. as  a f u n c t i o n  o f  t h i c k n e s s  f o r  f i s s i o n  f r a g m e n t s  
o f  t i m e - o f - f l i g h t  s p e c t r a  u s i n g  th e  lo n g  f l i g h t  p a t h  and 
t h e  same k i n d  o f  p l a s t i c  s c i n t i l l a t o r  as  START and STOP 
d e t e c t o r s .
TO
F 
d
a
ta
-  1 0 0  -
li
gh
t 
an
d 
he
av
y 
fr
ag
m
en
ts
 
in 
p
la
st
ic
.
-  1 0 1  -
Iii t h e  c a s e  o f  heavy  f r a g m e n t s  a d e c r e a s e  i n  AE w i t h  d e g r a d e r  t h i c k ­
n e s s  i s  o b s e r v e d  and t h i s  i s  i n  a c c o r d a n c e  w i t h  t h e  g e n e r a l  t r e n d  o b s e r v e d  
by A l - B e d r i ^ 29) f o r  heavy  f i s s i o n  f r a g m e n t s  i n  s o l i d s  ( A l ,  Cu, Ag, A u ) . I n  
t h e  case  o f  l i g h t  f r a g m e n t s  A l - B e d r i  p r e d i c t s  AE t o  r em ain  a l m o s t  c o n s t a n t  
f o r  t h i c k n e s s  l e s s  t h a n  1 mg/cm2 , s u b s e q u e n t l y  d e c r e a s i n g  w i t h  t h i c k n e s s ,  
b u t  a t  a s m a l l e r  r a t e  compared t o  heavy  f r a g m e n t s .  I n  t h e  p r e s e n t  work we 
found  t h a t  f o r  t h i c k n e s s  i n  t h e  r a n g e  0 t o  0 . 5  mg/cm2,AE i n c r e a s e s  s l i g h t l y  
w i t h  t h i c k n e s s ,  l e v e l l i n g  o f f  a t  a round  0 . 5  mg/cm2 . These r e s u l t s  a r e  d i f f i ­
c u l t  t o  e x p l a i n  and t h i s  e f f e c t  m e r i t s  f u r t h e r  i n v e s t i g a t i o n  i n  f u t u r e  work .
In  t h i s  c h a p t e r  t h e  method o f  a n a l y s i n g  t h e  d a t a  was d e s c r i b e d ,  t h e  
l i m i t a t i o n s  o f  t h e  s y s t e m  were  d i s c u s s e d  and t h e  methods  o f  c a l c u l a t i n g  t h e  
v e l o c i t i e s  and e n e r g i e s  t o g e t h e r  w i t h  t h e  d e g r a d e r  t h i c k n e s s e s  were  p r e s e n t e d .  
In  t h e  f o l l o w i n g  c h a p t e r  t h e  e x p e r i m e n t a l  r e s u l t s  f o r  t h e  r e s p o n s e  o f  t h e  
v a r i o u s  s c i n t i l l a t o r s  t o  l i g h t  and heavy  f r a g m e n t s  w i l l  b e  p r e s e n t e d .
-  10 2  -
CHAPTER 5
EXPERIMENTAL RESULTS
The r e s u l t s  o b t a i n e d  d u r i n g  th e  e x p e r i m e n t s  d e s c r i b e d  i n  c h a p t e r s  
3 and 4 a r e  d i v i d e d  i n t o  t h r e e  c a t e g o r i e s .  F i r s t l y ,  t h e  t o t a l  l i g h t  
o u t p u t  as a f u n c t i o n  o f  e n e rg y  (L Vg E) f o r  a wide  ran g e  o f  s c i n t i l l a t o r s  
was o b t a i n e d  f o r  a l p h a  p a r t i c l e s ,  and median  mass l i g h t  and heavy  f r a g m e n t s .  
S e c o n d ly ,  t h e  v a r i a t i o n  i n  t h e  l i g h t  o u t p u t  f rom t h e  t h i n  f i l m  s c i n t i l l a t o r  
( p l a s t i c  EPS 9) as a f u n c t i o n  o f  e n e rg y  (dL/dx  Vg E) was o b t a i n e d  f o r  l i g h t  
and heavy  f ragm en ts . -  F i n a l l y ,  t h e  r a n g e - e n e r g y  c u rv e s  f o r  f i s s i o n  f r a g m e n t s  
i n  p l a s t i c  were o b t a i n e d  i n  o r d e r  t o  c o r r e l a t e  t h e  s c i n t i l l a t i o n  l i g h t  o u t ­
p u t  to  t h e  s p e c i f i c ,  e n e rg y  l o s s  dE /dx .
The i n i t i a l  r e s u l t s  f o r  t h e  r e s p o n s e  o f  C s I ( T l )  to  e n e r g y - d e g r a d e d  
f i s s i o n  f r a g m e n t s  have  a l r e a d y  b e e n  p u b l i s h e d  i n  IEEE, T r a n s a c t i o n s  on 
N u c l e a r  S c i e n c e ^ 13) .  These r e s u l t s  were s u b s e q u e n t l y  c o n f i r m e d .
5 . 1  The T o t a l  L i g h t  Output
With t h e  e x c e p t i o n  o f  C s I ( T l ) ,  a n t h r a c e n e  s t i l b e n e  and  GS1 g l a s s  
s c i n t i l l a t o r s  t h e  d e t e c t o r  geomet ry  r e g a r d i n g  c a l l i m a t i o n  and r e f l e c t o r  
a r r a n g e m e n t  was t h e  same f o r  a l l  s c i n t i l l a t o r s . C a r e  was t a k e n  so  t h a t  t h e  
f i l m  o f  s i l i c o n e  g r e a s e  which was used f o r  o p t i c a l  c o u p l i n g  be tw een  p h o t o ­
m u l t i p l i e r  and s c i n t i l l a t o r ,  was f r e e  o f  a i r  b u b b l e s ,  p a r t i c u l a r l y  s i n c e  
t h e y  t e n d  t o  s p r e a d  u n d e r  vacuum c o n d i t i o n s .  The HT v o l t a g e  on t h e  p h o t o -  
m u l t i p l e r s  was k e p t  c o n s t a n t  f o r  a l l  s c i n t i l l a t o r s  t h r o u g h o u t  t h e  p r o j e c t .
Gain v a r i a t i o n s  due t o  t e m p e r a t u r e  changes  were i n e v i t a b l e  how ever ,  and 
a l s o  v a r i a t i o n s  i n  t h e  l o a d  r e s i s t o r  due t o  ohmic h e a t i n g  o f  t h e  i n e f f i c i e n t l y
-  103 -
c o o le d  r e s i s t o r s  o f  t h e  dynode c h a i n .  I t  i s  s u g g e s t e d  t h a t  a v o l t a g e  
s t a b i l i s e d  power s u p p ly  f o r  t h e  e n t i r e  e l e c t r o n i c  s y s te m  s h o u l d  be 
u sed  i n  f u t u r e  work ,  where  long  c o u n t i n g  t im es  o f  t h e  p r e s e n t  m agn i tude  
a r e  i n v o l v e d .
One i m p o r t a n t  p a r a m e t e r ,  t he  t h i c k n e s s  o f  t h e s c ^ + i l l a t o r , was n o t  
t h e  same i n  e a c h  c a s e .  The t h i c k n e s s  o f  t h e  s c i n t i l l a t o r s  were  t h o s e  
s u p p l i e d  by the  m a n u f a c t u r e r s  and i n  g e n e r a l  th e y  were n o t  a l l  i d e n t i c a l .
T h is  s h o u ld  be  t a k e n  i n t o  c o n s i d e r a t i o n  i n  compar ing  and a s s e s s i n g  the  
d i f f e r e n t  s c i n t i l l a t o r s .  The e f f e c t  o f  s c i n t i l l a t o r  t h i c k n e s s  on th e  
t o t a l  l i g h t  c o l l e c t e d  a t  t h e  p h o t o - c a t h o d e  i s  a n o t h e r  p ro b le m  n e e d i n g  a 
more d e t a i l e d  s t u d y .
The c a l i b r a t i o n  o f  t h e  p u l s e  h e i g h t  a n a l y s e r  w i t h  t h e  p r e c i s i o n  p u l s e  
g e n e r a t o r  showed t h a t  the. c h a n n e l  number was l i n e a r l y  r e l a t e d  t o  t h e  p u l s e  
h e i g h t  and t h e  back  b i a s  was a c c u r a t e l y  a d j u s t e d  t o  s e t  t h e  e n e rg y  z e r o  i n  
t h e  f i r s t  c h a n n e l .  Thus t h e  p u l s e  h e i g h t  i s  d e n o te d  d i r e c t l y  by th e  
c h a n n e l  number o f  the  2 5 6 - c h a n n e l  a n a l y s e r  u s e d .
The r e s u l t s  f o r  t h e  r e s p o n s e  o f  t h e  v a r i o u s  s c i n t i l l a t o r s  t o  a - p a r t i c l e s  
a r e  summarised i n  t a b l e  5 . 1 .  The g r a p h i c a l  p r e s e n t a t i o n  o f  t h e s e  r e s u l t s  i s  
i n  f i g u r e  5 . 1 .  The r e s p o n s e  i s  e s s e n t i a l l y  l i n e a r  o v e r  t h e  m ea su red  r a n g e  o f  
a - e n e r g i e s  f rom 4 .5  to  6 MeV. The e x p e r i m e n t a l  p o i n t s  show t h e  d a t a  o f  
t a b l e  5 . 1  and th e  l i n e s  show the  compute r  f i t s  ( u s i n g  l e a s t  s q u a r e s )  o f  t h e s e  
p o i n t s  t o  p o ly n o m i a l s  o f  o r d e r  two (L = Aq + AjE + A2E2) c o n s t r a i n e d  t o  p a s s  
t h ro u g h  the  o r i g i n .  The r e s u l t s  o f  t h e s e  f i t s  a r e  a l s o  l i s t e d  on t a b l e  5 . 1 ( a ) .
The r e s u l t s  f o r  t h e  median  l i g h t  and heavy  f r a g m e n t s  a r e  summari sed  i n  
t a b l e s  5 . 2  and 5 . 3 .  The p u l s e  h e i g h t  u n i t s  a r e  t h e  same as  t h o s e  u s e d  f o r  
a - p a r t i c l e s .  T a b le s  5 . 2 ( a )  and 5 . 3 ( a )  g i v e  t h e  compute r  f i t s  o f  t h e  p o i n t s
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TABLE 5 .1 ( a )
L e a s t  S qua res  F i t s  t o  D a ta  f o r  S c i n t i l l a t o r  Response  t o
a - p a r t i c l e s .
S c i n t i l l a t o r  '
E q u a t i o n
L = L i g h t  o u t p u t  ( c h a n n e l  N o . ) ;  E = E n e r g y ,  MeV
A n th ra c e n e L = 11 .461  E + 3 .5 0 4  E2
G la s s  S c i n t .  GS 1 L = 6 .9 8 6  E + 1 .838  E2
KL 212/NE 810 L = 4 .7 3 4  E + 1 .5 9 3  E2
KL 236 L = 1 .751  E + 1 . 9 3 4  E?
KL 211 L = 2 .3 2 1  E + 1.479 E2
KL-EPS 9 L = 3 .3 5 0  E + 1.035  E2
S t i l b e n e L = 3 .0 10  E + 0 .6 6 5  E2 ;
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TABLE 5 . 2 ( a )
L e a s t  Squa re  F i t  t o  D a ta  f o r  S c i n t i l l a t o r  Response  t o  Median
L i g h t  F ra g m e n t s .
S c i n t i l l a t o r E q u a t i o n  
L = Channel  N o . ; E = MeV
C s I ( T l ) L = 4 . 1 8  + 1.879 E + 0 .0 0 1 0 6  E2
A n th ra c e n e L = 23 .86  + 0 .6 1 7  E + 0 .0 1 0 6 4  E2
G lass  S c i n t ,  GS 1 L = 19 .21  -  0 . 4 0 7  E + 0 .0 2 7 4  E2
KL 212 L = 1 .2 8  + 0 .8 8 3  E + 0 .0102  E2
NE 810 L = -  8 .6 0  + 1 .093  E + 0 .0 0 8 5 0  E2
KL 236 ( 1 .9 6  mm) L = -  21 .35  + 1 .3 3  E + 0 . 0 0 5 8  E2
KL 236 ( 1.5mm) L = 47 .06  -  0 . 6 8  E + 0 .0 1 8  E2
KL 211 L = -  11 .75  + 0 . 8 0  E + 0 .00776  E2
KL-EPS 9 L = 17 .58  -  0 .2 5  E + 0 .0 1 6  E2
S t i l b e n e L = 5 9 . 2 8  -  1 .516  E + 0 .01667  E2
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L e a s t  S qua res
S c i n t i l l a t o r
C s I ( T l )
A n th r a c e n e  
G las s  s c i n t .  GS 1 
KL 212 
NE 810
KL 236 ( 1 .9 6  ram) 
KL 236 ( 1 . 5  mm)
KL 211 
KL-EPS 9 
S t i l b e n e
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TABLE 5 .3 ( a )
F i t  t o  D a t a  f o r  S c i n t i l l a t o r  Response  t o  Median 
Heavy Fragments
E q u a t i o n  
L = Channel  N o . ; E = MeV.
L = 79.39 + 0 .6 4 2  E + 0 .0 0 5 5 8  E2
L = 46 .37  + 0 .5 2 7  t  + 0 .0 0 6 3 1  E2
L = 25 .0 2  -  0 .0435  E + 0 .0 1 5 0  E2 
L = 36 .7 0  -  0 .2 1 6  E + 0 .0145  E2
L = 41 .30  -  0 .6 0 9  E + 0 .0 1 9 2  E2
L = 2 1 .9 3  + 0 .1 5 3  E + 0 .0 0 9 9 5  E2
L = 50 .72  -  0 . 7 8 3  E + 0 .0 1 6 2  E2
L = 2 9 .4 0  -  0 .3 3 6 1  E + 0 .0125  E2 
L = 2 0 .7 8  -  0 . 0 4 4  E + 0 .0 0 9 8  E2 
L = - 3 . 4 4  + 0 .7 6 0  E -  0 .0 0 4 0 7  E2
-  I l l  -
t o  p o l y n o m i a l s  o f  o r d e r  two u s i n g  t h e  method of  l e a s t  s q u a r e s .  The e q u a t i o n s  
f o r  t h e  f i s s i o n  f r a g m e n t s ,  c o n t r a r y  t o  t h o s e  f o r  t h e  a - p a r t i c l e s ,  w e re  n o t  
c o n s t r a i n e d  to  p a s s  t h ro u g h  t h e  o r i g i n  as  t h e  r e s p o n s e  t o  t h e s e  p a r t i c l e s  a t  
low e n e r g i e s  i s  n o t  known. The e x p e r i m e n t a l  r e s u l t s  i n d i c a t e  t h a t  t h e  t o t a l
l i g h t  o u t p u t  a t  e n e r g i e s  i n  t h e  r e g i o n  o f  10 MeV i s  u n e x p e c t e d l y  h i g h .  A
p o s s i b l e  e x p l a n a t i o n  i s  t h a t  a h i g h  p r o p o r t i o n  o f  t h e  e n e rg y  i s  d i s s i p a t e d  as 
. e l a s t i c  n u c l e a r  c o l l i s i o n s .  Thus t h e  e n e rg y  i s  d i s t r i b u t e d  t o  r e c o i l  
hyd rogen  and c a rbon  atoms i n  t h e  s c i n t i l l a t o r  ( i n  t h e  c a se  o f  p l a s t i c  s c i n t i l l a ­
t o r s )  r e s u l t i n g  i n  p r o d u c t i o n  o f  l i g h t  w i t h  h i g h e r  s c i n t i l l a t i o n  e f f i c i e n c y  
than  t h a t  p roduce d  d i r e c t l y  f rom f i s s i o n  f r a g m e n t s .  The g r a p h i c a l  p r e s e n t a ­
t i o n s  o f  t h e  t o t a l  l i g h t  o u t p u t  as a f u n c t i o n  o f  e n e rg y  f o r  a l p h a  p a r t i c l e s > 
l i g h t  and heavy  f r a g m e n t s  a r e  g i v e n  f o r  each  s c i n t i l l a t o r  i n  f i g u r e s  5 . 2  to  
5 . 1 0 .  The t o t a l  l i g h t  o u t p u t  as  a f u n c t i o n  o f  p a r t i c l e  v e l o c i t y  i s  shown 
f o r  some o f  t h e  s c i n t i l l a t o r s  i n  f i g u r e s  5 . 1 1  t o  5 . 1 6 .  The LvE c u rv e s  have  
b e e n  shown i n  such  a way i n  o r d e r  t o  compare t h e  r e l a t i v e  r e s p o n s e  o f  e a c h
s c i n t i l l a t o r  to  a - p a r t i c l e s  and median  l i g h t  and heavy  f r a g m e n t s .
At f i r s t  i t  i s  o b s e rv e d  t h a t  f i s s i o n  f r a g m e n t s  g ive  a n o n - l i n e a r  r e s p o n s e  
and they  have  a lower s c i n t i l l a t i o n  e f f i c i e n c y  t h a n  a l p h a  p a r t i c l e s  i n d i c a t i n g  
t h a t  t h e s e  h e a v i e r  p a r t i c l e s  p ro d u c e  l e s s  l i g h t  t h a n  l i g h t  i o n s  w i t h  t h e  same 
e n e r g y .  Th i s  g e n e r a l  t r e n d  s t i l l  h o l d s  f o r  l i g h t  f r a g m e n t s  r e l a t i v e  t o  heavy  
f r a g m e n t s  o v e r  t h e  h i g h e r  e n e rg y  p a r t  o f  t h e  r a n g e .  However a l l  s c i n t i l l a t o r s  
c o n s i d e r e d  h e r e  show a r e m a r k a b l e  s i m i l a r i t y  i n  t h a t  t h e r e  i s  a c r o s s - o v e r  
on t h e  L v E  graph  f o r  t h e  two f i s s i o n  f r a g m e n t s .  Th is  o c c u r s  a t  a round  t h e
60 MeV mark f o r  a n t h r a c e n e  and s t i l b e n e  and a round  35-45 MeV f o r  t h e  p l a s t i c
s c i n t i l l a t o r s .  For  C s I ( T l )  i t  o c c u r s  a t  a ro u n d  35 MeV w h i l e  f o r  t h e  l i t h i u m
g l a s s  s c i n t i l l a t o r  GS1 the  two l i n e s  merge a t  a ro und  35 MeV.
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The c r o s s - o v e r  which  i s  o b s e r v e d  on t h e  L v E g r a p h s  i s  e l i m i n a t e d
\
when th e  r e l a t i v e  p u l s e  h e i g h t  i s  p l o t t e d  as  a f u n c t i o n  o f  v e l o c i t y  ( s e e  
f i g u r e s  5 . 1 1 - 5 . 1 6 ) .  These  g r a p h s  look  much s i m p l e r  th a n  t h e  L v E g raphs  
and they  a r e  v e r y  s i m i l a r  i n  fo rm .  They show t h a t  t h e  l i g h t  o u t p u t  i s
r i s i n g  r a p i d l y  a t  h i g h  v e l o c i t i e s .  From p r e v i o u s  r e s u l t s  we would e x p e c t
th e  r e l a t i v e  l i g h t  o u t p u t  to  i n c r e a s e  as  V**. The method employed above 
f o r  f i t t i n g  t h e  e x p e r i m e n t a l  d a t a  to  p o l y n o m i a l s  c a n n o t  be a p p l i e d  i n  t h i s  
ca se  b e c a u s e  t h e -num ber  o f  p o i n t s  t o  be  f i t t e d  ( 10) i s  n o t  s i g n i f i c a n t l y  
g r e a t e r  th a n  t h e  h i g h e s t  o r d e r  o f  t h e  p o l y n o m i a l  ( 4 ) .
Because  o f  t h e  n o n - l i n e a r  r e s p o n s e  p r o d u c e d  by the  f i s s i o n  f r a g m e n t s  
t h e  s c i n t i l l a t i o n  e f f i c i e n c y  v a r i e s  w i t h  e n e r g y .  Assuming t h a t  t h e  t o t a l
l i g h t  o u t p u t  L i s  a  f u n c t i o n  o f  E2 t h e n  t h e  e q u a t i o n  g i v e n  i n  t a b l e  5 . 2 ( a )
f o r  l i g h t  f r a g m e n t s  i n  a n t h r a c e n e  g i v e s  a l i n e a r  r e l a t i o n s h i p  o f  dL/dE v E,O
o b t a i n e d  by d i f f e r e n t i a t i n g  th e  a p p r o p r i a t e  e q u a t i o n .  T h i s  l i n e  i s  shown 
i n  f i g u r e  5 .1 7  and i t  shows a p o s i t i v e  i n t e r c e p t  on t h e  L - a x i s .  An a l t e r ­
n a t i v e  method o f  o b t a i n i n g  t h e  dL/dE v a l u e s  a t  v a r i o u s  e n e r g i e s  i s  t o  s p l i t  
t h e  e x p e r i m e n t a l  p o i n t s  i n t o  g roups  o f  3 and f i t  s t r a i g h t  l i n e s  t o  e a c h  group 
u s i n g  th e  l e a s t  s q u a r e s  method .  The s l o p e  o f  t h e  l i n e  p r o v i d e s  t h e  dL/dE 
v a l u e  f o r  t h e  c e n t r e  p o i n t .  The v a l u e s  o b t a i n e d  a r e  shown i n  f i g u r e  5 . 1 7 .  
Wide d i s c r e p a n c i e s  a r e  o b s e r v e d  showing t h a t  t h e  method o f  o b t a i n i n g  dL/dE 
by d i f f e r e n t i a t i n g  th e  e q u a t i o n  L v E o b t a i n e d  from th e  p o l y n o m i a l  f i t  i s  n o t  
a r e l i a b l e  method f o r  t h e  a c c u r a c i e s  a c h i e v e d  i n  t h i s  work.  A p o l y n o m i a l  f i t  
t o  the  L v E c u rv e s  o f  o r d e r  3 g i v e s  a dL/dE v E cu rve  o f  o r d e r  2 ( s e e  f i g u r e  
5 . 1 7 ) .  Th is  i n d i c a t e s  t h a t  we c a n n o t  deduce  th e  s c i n t i l l a t i o n  e f f i c i e n c y  
a c c u r a t e l y  from the  p r e s e n t  r e s u l t s .  A rough i n d i c a t i o n  o f  t h e  s c i n t i l l a t i o n  
e f f i c i e n c y  f o r  t h e  d i f f e r e n t  p a r t i c l e s  i n c i d e n t  on e a ch  s c i n t i l l a t o r  i s  g i v e n  
by the  p u l s e  h e i g h t  f o r  l i g h t  and heavy  f r a g m e n t s  a t  70 MeV where  t h e y
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F i g u r e  5 .1  The s c i n t i l l a t i o n  e f f i c i e n c y  |as a f u n c t i o n  o f  e n e r g y  f o r  
l i g h t  f r a g m e n t s  i n  a n t h r a c e n e ,  c a l c u l a t e d  from l e a s t  
s q u a r e  f i t s  to  t h e  d a t a .
a r e  r o u g h ly  com parab le  t o  t h e  p u l s e  h e i g h t  o f  5 . 3  MeV a - p a r t i d e s  i n  the  
s c i n t i l l a t o r .  Ta b le  5 . 4  g i v e s  t h e s e  r e l a t i v e  p u l s e  h e i g h t s  f o r  s e v e r a l  
s c i n t i l l a t o r s .  The r a t i o  o f  t h e  r e l a t i v e  p u l s e  h e i g h t  o f  70 MeV f r a g m e n t s  
to  t h a t  o f  5 . 3  MeV a - p a r t i c l e s  i s  a l s o  shown. Th is  t a b l e  i n d i c a t e s  t h a t  
a n t h r a c e n e  h a s  a  much h i g h e r  s c i n t i l l a t i o n  e f f i c i e n c y  f o r  a - p a r t i c l e s  
r e l a t i v e  t o  the  o t h e r  s c i n t i l l a t o r s .  On t h e  o t h e r  hand  s t i l b e n e  g i v e s  t h e  
h i g h e s t  r a t i o s  p r o b a b l y  due t o  t h e  r e l a t i v e l y  low a l p h a  s c i n t i l l a t i o n  
e f f i c i e n c y .  The o t h e r  s c i n t i l l a t o r s ,  i n c l u d i n g  t h e  l i t h i u m  g l a s s  s c i n t i l l a t o r  
show more o r  l e s s  t h e  same c o m p a r a t i v e  r e s p o n s e .
5 . 1 . 1  The v a r i a t i o n  i n  t h e  FWHM
An i m p o r t a n t  b y - p r o d u c t  o f  the  d a t a  a n a l y s i s  method o f  f i t t i n g  a  G a u s s i a n  
curve  to  each  f i s s i o n  f r a g m e n t  peak ( s e e  s e c t i o n  4 .1 )  i s  t h a t  t h e  f u l l  w i d t h  
a t  h a l f  maximum (FWHM). o f  ea ch  pe a k  i s  r e a d i l y  o b t a i n e d  w i t h  r e s o n a b l y  good 
a c c u r a c y .  T h i s  e n a b l e d  us t o  c a r r y  o u t  an i n v e s t i g a t i o n  i n t o  t h e  way t h i s  
q u a n t i t y  v a r i e s  f o r  each  s c i n t i l l a t o r .
As was m en t io n e d  e a r l i e r ,  b e c a u s e  t h e  s o u r c e  p r o v i d e s  us w i t h  a  r a n g e
o f  m asses  and e n e r g i e s  the  FWHM; does n o t  p r o v i d e  a  d i r e c t  i n d i c a t i o n  o f  t h e
d e t e c t o r  r e s o l u t i o n .  As th e  r e s p o n s e  o f  e a ch  s c i n t i l l a t o r  i s  d i f f e r e n t  f o r  
t h e  v a r i o u s  mass p a r t i c l e s  i n c i d e n t  u p o n  i t ,  t h e  v a r i a t i o n  o f  t h e  FWHM may 
p r o v i d e  us w i t h  a f u r t h e r  q u a l i t a t i v e  i n d i c a t i o n  o f  the  way th e  mass 
i n f l u e n c e s  t h e  l i g h t  o u t p u t  p ro d u ce d  by  t h e  s c i n t i l l a t o r ,  f o r  a  g i v e n  e n e r g y .
The v a r i a t i o n  o f  t h e  FWHM f o r  a n t h r a c e n e ,  p l a s t i c  s c i n t i l l a t o r  KL 236
and g l a s s  s c i n t i l l a t o r  GS 1 i s  shown as a f u n c t i o n  o f  e n e rg y  i n  f i g u r e s  5 . 1 8 ,
5 .1 9  and 5 . 2 0 .  The o t h e r  s c i n t i l l a t o r s  show a v e r y  s i m i l a r  b e h a v i o u r .
These g r a p h s  show t h a t  a f t e r  an i n i t i a l  i n c r e a s e  i n  FWHM o v e r  a  s h o r t  r a n g e  
i n  e n e r g y ,  o b s e r v e d  f o r  l i g h t  f r a g m e n t s ,  a l l  t h e  c u rv e s  show a m o n o t o n i c a l l y
TABLE 5 .4
R e l a t i v e  P u l s e  H e i g h t  P ro d u c e d  by 70 MeV L i g h t  and Heavy 
F i s s i o n  F ragments  and 5 . 3  MeV a - p a r t i c l e s .
R e l a t i v e  P u l s e  H e i g h t Lf h f
S c i n t i l l a t o r La
5 . 3  MeV a - p a r t i c l e s
Le f  
70 MeV LF
Lh f  
70 MeV HF
La La
A n th r a c e n e 160 107 104 0 . 6 6 8 0 . 6 5
GS 1 89 124 95 1 .393 1 .067
KL 212 70 .5 117 93 1 .670 1 .328
NE 810 70 .5 106 95 1 .513 1 .356
KL 236 (1 .9 6  mm) 65 99 81 .2 1 .523 1.249
EPS 9 46 .25 76 65 .5 1 .643 1 .416
S t i l b e n e 34 .25 66 • 61 1 .927 1 .7 8 1
d e c r e a s i n g  s p r e a d  o v e r  t h e  r e s t  of- t h e  o b s e r v e d  e n e rg y  r a n g e .  T h i s  " e n e r g y  
b u n c h in g "  e f f e c t  h a s  be e n  o b s e r v e d  by Sykes and H a r r i s a n d  i s  a  c onseque nc e  
o f  t h e  s t e a d y  f a l l  i n  dE/dx  ove r  most  o f  t h e  p r e s e n t  e n e rg y  range  f o r  f i s s i o n  
f r a g m e n t s .  The i n i t i a l  r i s e  i n  FWHM, i n  t h e  c a se  o f  l i g h t  f r a g m e n t s ,  i s  l e s s  
e a s y  t o  u n d e r s t a n d  and m e r i t s  f u r t h e r  i n v e s t i g a t i o n .  A p r o b a b l e  e x p l a n a t i o n  i s  
t h a t  l i g h t  f r a g m e n t s  s u f f e r  an e n e rg y  d i s p e r s i o n  a t  t h e  b e g i n n i n g  o f  s lo w in g  down, 
and b e f o r e  b u n c h in g  comes i n t o  e f f e c t ,  as  t h e  r e s u l t s  o f  f i g u r e  4 . 7  a l r e a d y  
i n d i c a t e d .
5 . 2  Th in  F i lm  D e t e c t o r  Response
The t h i n  f i l m  s c i n t i l l a t o r  u s e d  f o r  t h e  t i m e - o f - f l i g h t  s y s t e m  was p r e p a r e d  
from t u m i n g s o f  EPS 9 p l a s t i c  s c i n t i l l a t o r  as  d e s c r i b e d  i n  s e c t i o n  2 . 3 . 1 .  Th is
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p l a s t i c  s c i n t i l l a t o r ,  m a n u f a c t u r e d  by Koch L i g h t  L a b o r a t o r i e s ,  was a t  t h e  
t im e  o f  the  e x p e r i m e n t s  s t i l l  i n  t h e  e x p e r i m e n t a l  s t a g e  and i t  was d e s i g n e d  
f o r  use  i n  u l t r a  t h i n  s h e e t s .  The p r e s e n t  e x p e r i m e n t s  have  shown t h a t  t h e  
l i g h t  o u t p u t  f rom a t h i n  f i l m  s c i n t i l l a t o r  made w i t h  EPS 9 i s  a bou t  ^  4 
t im es  g r e a t e r  t h a n  t h e  l i g h t  p ro d u c e d  by  f i l m s  o f  s i m i l a r  t h i c k n e s s  made 
w i t h  o t h e r  p l a s t i c  s c i n t i l l a t o r s .
The v a r i a t i o n  o f  t h e  l i g h t  o u t p u t  as a  f u n c t i o n  o f  e n e rg y  f o r  l i g h t  
and heavy  f r a g m e n t s  i s  shown, i n  f i g u r e  5 . 2 1 .  The I n t e r t e c h n i q u e  400 c h a n n e l  
a n a l y s e r  was u s e d  t o  r e c o r d  t h e  d a t a  and t h e  p u l s e  h e i g h t  o b t a i n e d  r e p r e ­
s e n t s  on ly  t h e  r e l a t i v e  p u l s e  h e i g h t .  As t h e  t h i c k n e s s  o f  t h e  d e t e c t o r  i s  
so s m a l l ,  t h e  s c i n t i l l a t o r  may be  r e g a r d e d  as a Ax d e t e c t o r  and t h e  p u l s e  
h e i g h t  as a measure  o f  AL/Ax, the  s p e c i f i c  l u m i n e s c e n c e ,  i n  a r b i t r a r y  u n i t s  
( s e e  f i g u r e  5 . 2 1 ) .  F i g u r e  5 .2 2  shows th e  v a r i a t i o n  o f  AL/Ax as  a f u n c t i o n  o f  
v e l o c i t y  f o r  l i g h t  and heavy  f r a g m e n t s .  F i g u r e  5 .2 2  shows th e  r e s p o n s e s  to  
be i d e n t i c a l  f o r  l i g h t  and heavy  f ra gm en ts , -  so t h e  TFD o u t p u t  can v i r t u a l l y  
be u s e d  as a m easu re  o f  v e l o c i t y  i n d e p e n d e n t  o f  m ass .  F i g u r e  5 . 2 1  shows th e  
TFD r e s p o n s e  to  v a r y  a p p r o x i m a t e l y  l i n e a r l y  w i t h  e n e rg y  o v e r  t h e  m ea su red  
r a n g e .  To examine i f  t h e s e  r e s u l t s  a r e  i n  rough a g re e m e n t  w i t h  t h e  i n t e ­
g r a t e d  l i g h t  o u t p u t  f o r  a t h i c k  s c i n t i l l a t o r  we may w r i t e
~ = ~  = K E  + b 5 . 1Ax dx
where K, b a r e  c o n s t a n t s  which  can be d e r i v e d  from f i g u r e  5 . 2 1 .  To o b t a i n  
a r e l a t i o n s h i p  be tw een  L and E we n e e d  t h e  r a n g e - e n e r g y  r e l a t i o n s h i p .  As 
we s h a l l  s e e  i n  t h e  n e x t  s e c t i o n  th e  r a n g e - e n e r g y  c u rv e  f o r  l i g h t  and heavy  
f r a g m e n t s  i n  p l a s t i c  may be  a p p ro x i m a t e d  t o  a s t r a i g h t  l i n e  f o r  e n e r g i e s  i n  
t h e  r e g i o n  30-95 MeV. Thus we may w r i t e
• E = C x .. 5 . 2
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where  C i s  a c o n s t a n t .
Combining e q u a t i o n s  5 . 1  and 5 . 2  we o b t a i n
~  -  ax + b 5 . 3dx
where a = CK = c o n s t a n t .
I n t e g r a t i n g  e q u a t i o n  5 . 3  we o b t a i n
2ax '1 . , c ,
0 + T " "
S u b s t i t u t i n g  f o r  x  u s i n g  e q u a t i o n  5 . 2  we o b t a i n
L -  a .  + a E + a E2 5 . 50 1 2
where a .  = — and a .  = —  * a l l  c o n s t a n t s .1 c 2 2 c *
E q u a t i o n  5 .5  g i v e s  t h e  fo rm  o f  r e l a t i o n s h i p  o b t a i n e d  f o r  t h e  t o t a l  l i g h t
o u t p u t  as  a f u n c t i o n  o f  e n e rg y  ( s e e  t a b l e s  5 . 2 ( a )  and 5 . 3 ( a ) ) .  T h i s  shows 
t h a t  the r e s u l t s  o b t a i n e d  f o r  the  t o t a l  l i g h t  o u t p u t  and th e  s p e c i f i c  l i g h t  
o u t p u t  a r e  c o n s i s t e n t .
5 . 3  Range-Energy Curves
As m en t io n e d  i n  s e c t i o n  1 . 4 ,  B i r k s ^ 1) s u g g e s t e d  t h a t  t h e  s p e c i f i c  
lum in e s c e n c e  i s  r e l a t e d  t o  t h e  s p e c i f i c  e n e r g y  l o s s  f o r  each  s c i n t i l l a t o r .
The l a c k  o f  p u b l i s h e d  d a t a  f o r  t h e  s t o p p i n g  power  i n  the  r a n g e  o f  p a r t i c l e s
and s u b s t a n c e s  o f  i n t e r e s t  h e r e  made i t  n e c e s s a r y  to  use  t h e o r e t i c a l  v a l u e s
f o r  dE /dx.  I n  some c a s e s  e x i s t i n g  e x p e r i m e n t a l  d a t a  were u s e d  to  e x t r a ­
p o l a t e  t h e  v a l u e s  o f  dE/dx f o r  a  g iv e n  p a r t i c l e  i n  a g i v e n  m a t e r i a l .
I d e a l l y  we would have  l i k e d  t o  m easu re  t h e  e n e r g i e s  o f  t h e  f i s s i o n
f r a g m e n t s  a f t e r  t h e y  ha d  p e n e t r a t e d  d i f f e r e n t  t h i c k n e s s e s  o f  t h e  s c i n t i l l a t o r
-  130 -
s u b s t a n c e  and r e p e a t  t h i s ,  where  p o s s i b l e ,  f o r  e v e r y  s c i n t i l l a t o r  t h u s  
o b t a i n i n g  t h e  r a n g e - e n e r g y  c u rv e s  and t h u s  t h e  s t o p p i n g  power  as  a 
f u n c t i o n  o f  e n e rg y  i n  each  c a s e .  The l a r g e  amount o f  work r e q u i r e d ,  
however ,  i n  p r e p a r i n g  f o i l s  o f  d i f f e r e n t  t h i c k n e s s e s  f o r  e a ch  s c i n t i l l a t o r  
made i t  i m p o s s i b l e  to  p u r s u e  t h i s  t a s k .  The o n ly  r a n g e - e n e r g y  c u rv e s  
o b t a i n e d  e x p e r i m e n t a l l y  were  f o r  VYNS by u s i n g  t h e  d a t a  g i v e n  i n  t a b l e  4 . 3 .  
The r a n g e - e n e r g y  c u rv e s  f o r  l i g h t  and heavy  f r a g m e n t s  i n  p l a s t i c  VYNS f i l m s  
a r e  shown i n  f i g u r e  5 . 2 3 .  The s o l i d  l i n e s  a r e  t h e  p r e d i c t i o n s  o f  a s e m i -  
e m p i r i c a l  e q u a t i o n  (eqn .  6 . 5 )  wh ich  w i l l  be  d i s c u s s e d  i n  t h e  n e x t  c h a p t e r .  
From t h e  g raph  i t  can be  s e e n  t h a t  t h e  c u rv e s  may be  a p p r o x i m a t e d  t o  s t r a i g h t  
l i n e s  i n  t h e  r e g i o n  o f  30 MeV to  95 MeV.
In  t h e  n e x t  c h a p t e r  t h e  p rob lem s  e n c o u n t e r e d  i n  c a l c u l a t i n g  dE /dx  
a r e  d i s c u s s e d .  The s t o p p i n g  power  v a l u e s  f o r  t h e  o r g a n i c  s c i n t i l l a t o r s  
u s e d  a r e  c a l c u l a t e d  a t  v a r i o u s  e n e r g i e s .  The r a n g e - e n e r g y  c u r v e s  f o r  
f i s s i o n  f r a g m e n t s  i n  p l a s t i c  a r e  a l s o  c a l c u l a t e d  t h e o r e t i c a l l y  and c o m p a r i s o n  
i s  made w i t h  t h e  e x p e r i m e n t a l  d a t a  o f  f i g u r e  5 . 2 3 .
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CHAPTER 6
INTERACTION_OF HEAVY IONS WITH MATTER
The two p a r a m e t e r s  o f  i n t e r e s t  which  we s h a l l  d e a l  w i t h  h e r e ,  
a re  t h e  s t o p p i n g  power (dE/dx)  and the  e f f e c t i v e  cha rge  o f  the  i o n  as i t  
s lows down i n s i d e  t h e  s c i n t i l l a t o r .  Both t h e s e  p a r a m e t e r s  a r e  b e l i e v e d  t o  
a f f e c t  t h e  s c i n t i l l a t i o n  o u t p u t ^ 30) .  I n  t h i s  c h a p t e r  we s h a l l  f i r s t  d e a l  
w i t h  t h e  c a l c u l a t i o n  o f  t h e  s t o p p i n g  power  and s u b s e q u e n t l y  w i t h  t h e  
e v a l u a t i o n  o f  t h e  e f f e c t i v e  c h a r g e  number o f  t h e  i o n .
6 .1  S t o p p i n g  Power and R a n g e -en e rg y  R e l a t i o n s
6 . 1 . 1  A p p l i c a b i l i t y  o f  t h e  B e t h e - B lo c h  e q u a t i o n
In s e c t i o n  1 . 3 . 1  the  g e n e r a l  t h e o r y  o f  i n t e r a c t i o n  o f  c h a r g e d  p a r t i c l e s  
w i t h  m a t t e r  was o u t l i n e d .  The B e t h e -B lo c h  e q u a t i o n  (eqn .  1 . 1) f o r  t h e  s t o p p i n g  
power i s  a c c u r a t e  f o r  use  i n  t h e  c a s e  o f  l i g h t  i o n s  l i k e  p r o t o n s  and a - p a r ­
t i c l e s  i n c i d e n t  on a medium, where  t h e  e f f e c t i v e  i o n i z a t i o n  p o t e n t i a l  i s  
known and p r o v i d e d  t h e  p a r t i c l e  v e l o c i t y  g r e a t l y  exc ee ds  t h e  o r b i t a l  
v e l o c i t i e s  o f  a l l  i t s  e l e c t r o n s .  I n  t h i s  c a s e  a l l  t h e  e l e c t r o n s  a r e  s t r i p p e d  
o f f  t h e  atom and o n ly  t h e  b a r e  n u c l e u s  p r o c e e d s  t h ro u g h  t h e  medium. The 
e n e rg y  l o s s  i s  th e n  dom in a te d  by Coulomb i n t e r a c t i o n s  w i t h  t h e  a b s o r b e r  
e l e c t r o n s .  As t h e  p a r t i c l e  l o s e s  e n e r g y ,  i t s  v e l o c i t y  e v e n t u a l l y  becomes 
comparab le  w i t h  the  o r b i t a l  v e l o c i t y  o f  t h e  l e a s t  t i g h t l y  bound e l e c t r o n s .
There  i s  t h e n  a f i n i t e  p r o b a b i l i t y  t h a t  t h e  p a r t i c l e  w i l l  p i c k - u p  an e l e ­
c t r o n  .and thus  d i m i n i s h  i t s  e f f e c t i v e  c h a r g e  £. The p r o b a b i l i t y  o f  e l e c t r o n  
p i c k - u p  i n c r e a s e s  as t h e  e n e r g y  (and v e l o c i t y )  d e c r e a s e s .  At  low e n e r g i e s  
the  p a r t i c l e  e n e rg y  i s  d i s s i p a t e d  p r e d o m i n a n t l y  by n u c l e a r  c o l l i s i o n s ,  i . e .
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momentum t r a n s f e r  i n  c o l l i s i o n s  w i t h  l a t t i c e  a tom s .  A rough  c r i t e r i o n
f o r  n u c l e a r  s t o p p i n g  i s  t h a t  t h e  p a r t i c l e  v e l o c i t y  v  must  be  a  l o t
e 2l e s s  t h a n  t h e  Bohr o r b i t a l  v e l o c i t y  , o r
Hv  , ■ , ,
—  < <  1 6 . 1
e 2
I n  t h e  c a s e  o f  232Cf f i s s i o n  f r a g m e n t s  t h e  u n d e g ra d e d  v e l o c i t i e s  a r e  
of  t h e  o r d e r  o f  1 cm/ns .  These v e l o c i t i e s  a r e  n o t  s u f f i c i e n t  t o  d e t a c h  
more t h a n  a b o u t  h a l f  t h e i r  a to m ic  e l e c t r o n s .  The o u t e r  e l e c t r o n s  a r e  
s t r i p p e d  o f f  w i t h  a f i n i t e  p r o b a b i l i t y ,  and t h e  i o n  t r a v e l l i n g  t h r o u g h  
m a t t e r  w i l l  l o s e  e n e rg y  th r o u g h  i o n i z a t i o n  and e x c i t a t i o n  o f  t h e  t a r g e t  
e l e c t r o n s  ( e l e c t r o n i c  s t o p p i n g ) .  The a c t u a l  i o n i c  c h a rg e  w i l l  f l u c t u a t e  
a bou t  a most  p r o b a b l e  v a l u e  which depends on the i o n  e n e r g y .  A s t e a d y  
s t a t e  c h a rg e  d i s t r i b u t i o n  i s  a t t a i n e d  which i s  d e p e n d e n t  on t h e  r e l a t i v e  
v a l u e s  o f  t h e  c r o s s  s e c t i o n s  f o r  g a i n  and l o s s  o f  e l e c t r o n s .  The s u b j e c t  
o f  t h e  e f f e c t i v e  c h a rg e  v a r i a t i o n  d u r i n g  s lo w in g  down w i l l  be f u r t h e r  
d i s c u s s e d  i n  a l a t e r  s e c t i o n .
A f t e r  B e t h e - B l o c h ,  t h e  s t o p p i n g  power dE /dx i s  p r o p o r t i o n a l  t o  £2 
and thus  an  u n c e r t a i n t y  i n  £ l e a d s  t o  a  l a r g e r  u n c e r t a i n t y  i n  d E /dx .  The 
u n c e r t a i n t i e s  i n  t h e  p u b l i s h e d  v a l u e s  o f  £ f o r  f i s s i o n  f r a g m e n t s  i n  s o l i d s  
a r e  s u b s t a n t i a l .  Th is  combined w i t h  t h e  u n c e r t a i n t y  i n  the  v a l u e  o f  t h e  
e f f e c t i v e  i o n i z a t i o n  p o t e n t i a l  r e n d e r s  t h e  B e t h e -B lo c h  e q u a t i o n  an  u n r e ­
l i a b l e  method o f  c a l c u l a t i n g  t h e  s t o p p i n g  power o f  f i s s i o n  f r a g m e n t s  i n  
s o l i d s .
6 . 1 . 2  The N o r t h c l i f f e  and S c h i l l i n g  T a b le s
In  t h e  a b s en c e  o f  e x p e r i m e n t a l  d a t a  f o r  a  l a r g e  r a n g e  o f  heavy  i o n s  
i n  a v a r i e t y  o f  m a t e r i a l s ,  N o r t h c l i f f e  and S c h i l l i n g h a v e  p r e p a r e d  a 
s e t  o f  t a b l e s . f o r  the  s t o p p i n g  power and r a n g e  as  a  f u n c t i o n  o f  e n e r g y  f o r
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a  v a r i e t y  o f  p a r t i c l e s  i n  v a r i o u s  m ed ia .  I n  p r e p a r i n g  t h e s e  t a b l e s  they  
have g a t h e r e d  a l l  e x i s t i n g  e x p e r i m e n t a l  d a t a  and e x t r a p o l a t e d  them, 
where  n e c e s s a r y ,  u s i n g  t h e  f o l l o w i n g  a s s u m p t i o n s :
1) The r e l a t i v e  s t o p p i n g  power o f  two m a t e r i a l s  i s  i n d e p e n d e n t  o f  t h e  i o n  
i d e n t i t y  a t  a  g i v e n  i o n  v e l o c i t y  ( i . e .  a  g i v e n  v a l u e  o f  E /M ) . E x p l i c i t l y ,  
i f  A and B de n o te  two d i f f e r e n t  media  and t h e  s u b s c r i p t s  p ,  q d e n o te  two 
d i f f e r e n t  i o n s ,  t h e  b a s i c  a s s u m p t io n  i s  t h a t  a t  e q u a l  v e l o c i t i e s  
(E /M = E /M ) we havep p q q
( d E /d x ) p ,A (dE/dx) q,A
( d E /d x ) p,B
a t  E /M
(dE/dx) q ,B
a t
2) The r e l a t i v e  s t o p p i n g  power v a r i e s  sm oo th ly  w i t h  Z^the  a t o m i c  number o f  
the  ion^ and E/M.
3) The s t o p p i n g  power o f  any m a t e r i a l  v a r i e s  sm oo th ly  w i t h  £ t h e  c h a rg e  
o f  the  i n c i d e n t  i o n  and E/M.
4) ■ The Bragg a d d i t i v i t y  r u l e  h o l d s .  Th is  h a s  be e n  u sed  t o  c a l c u l a t e  t h e  
s t o p p i n g  power o f  a compound from t h e  s t o p p i n g  power o f  i t s  c o n s t i t u e n t  
e l e m e n t s .  A l th o u g h  t h e r e  e x i s t s  some e v i d e n c e  t h a t  t h e  Bragg  a d d i t i v i t y  
r u l e  does n o t  s t r i c t l y  h o l d ^ 32) ,  t h e  d e v i a t i o n s  found  a r e  s m a l l  and have  
been  m a in ly  o b s e r v e d  f o r  t h e  s t o p p i n g  power o f  p r o t o n s  i n  h y d r o c a r b o n s .  
These d e v i a t i o n s  a r e  p o o r l y  u n d e r s t o o d  and d i f f i c u l t  t o  s y s t e m a t i z e  and 
they  have l i t t l e  e f f e c t  on the  c a l c u l a t e d  range  o f  a h ig h  e n e rg y  i o n .
A c c o r d in g  t o  t h e  Bragg a d d i t i v i t y  r u l e  t h e  r e l a t i v e  s t o p p i n g  power  
o f  a compound o f  m o l e c u l a r  w e i g h t  M c o n t a i n i n g  Ni a toms o f  a to m ic  w e i g h t
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e tc . -  i s  g i v e n . b y . t h e  e q u a t i o n
compound = S p 1 Ai ( d E / d x ) i  6 ' 3
where  (dE/dx)  ^ i s  t h e  s t o p p i n g  power o f  t h e  p u r e  e l e m e n t  l a b e l l e d  by 
s u b s c r i p t  i .
F o r  t h e  p r e s e n t  work we n e e d ed  to  c a l c u l a t e  t h e  s t o p p i n g  power o f  
a - p a r t i c l e s  and l i g h t  and heavy f i s s i o n  f r a g m e n t s  i n  v a r i o u s  h y d r o c a r b o n s .
We s e l e c t e d ,  f rom the  N o r t h c l i f f e  and S c h i l l i n g  t a b l e s  t h e  atoms most  
r e s e m b l i n g  t h e  med ian  l i g h t  and heavy  f r a g m e n t s ,  i n  n u c l e a r  c h a r g e .  For  
t h e  median  l i g h t  f r a g m e n t s  (Z = 4 2 . 5 ) ,  we s e l e c t e d  Tc (Z = 43) and f o r  t h e  
median  heavy f r a g m e n t s , ( Z  = 5 5 .5 )  we s e l e c t e d  Ba (Z = 5 6 ) .  The s t o p p i n g  
power of  Tc and Ba i n  'carbon and hyd ro g en  were t a k e n  from t h e  N o r t h c l i f f e  
and S c h i l l i n g  t a b l e s  and by means o f  t h e  Bragg a d d i t i v i t y  r u l e  t h e  s t o p p i n g  
power v a l u e s  f o r  t h e  s e v e r a l  h y d r o - c a r b o n s  were c a l c u l a t e d  a t  v a r i o u s  
e n e r g i e s .  The c a rb o n  t o  h y d r o g e n  r a t i o  was o b t a i n e d  from the  m a n u f a c t u r e r ’ s 
d a t a ^ )  f o r  each  s c i n t i l l a t o r .
For  t h e  a - p a r t i c l e s  t h e  s t o p p i n g  power d a t a  f o r  ^He i n  h y d r o g e n  and 
c a rbon  were s i m i l a r l y  used  i n  c o n j u n c t i o n  w i t h  t h e  c a rb o n  to  h y d r o g e n  r a t i o s  
and t h e  t o t a l  s t o p p i n g  power was o b t a i n e d  by means o f  t h e  Bragg a d d i t i v i t y  
r u l e .
A compute r  p rogram  was w r i t t e n  i n  BASIC ( f o r  t h e  P h y s i c s  D e p a r tm en t  
NOVA 840 D a ta  G e n e r a l  mach ine)  t o  i n p u t  t h e  d a t a  f o r  t h e  s t o p p i n g  power i n  
ca rbon  and hyd rogen  f o r  e a ch  p a r t i c l e  f rom e x i s t i n g  compute r  f i l e s ,  and t o  
s u b s e q u e n t l y  c a l c u l a t e  t h e  s t o p p i n g  power f o r  t h e  p a r t i c u l a r  p a r t i c l e  i n  
the  h y d r o c a r b o n  w i t h  a c e r t a i n  c a rb o n  t o  h y d r o g e n  r a t i o .  The c a l c u l a t e d
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values;  were s t o r e d  i n  computer  f i l e s  f o r  f u t u r e  r e f e r e n c e .  T a b le s  6 . 1 ,
6 . 2  and 6 . 3  show th e  c a l c u l a t e d  v a l u e s  o b t a i n e d  f o r  a - p a r t i c l e s ,  median 
l i g h t  and heavy  f r a g m e n t s  r e s p e c t i v e l y  i n  t h e  v a r i o u s  p l a s t i c  s c i n t i l l a t o r s .
F i g u r e  6 . 1  shows th e  s t o p p i n g  power o f  a - p a r t i c l e s  i n  p l a s t i c  
s c i n t i l l a t o r  NE 810. A l l  o t h e r  o r g a n i c  s c i n t i l l a t o r s  show a s i m i l a r  
dependence  o f  dE/dx  on e n e rg y  w i t h  a  maximum v a l u e  o f  2 . 2 - 2 . 4  MeV/(mg/cm2) 
o c c u r r i n g  a round  an a - p a r t i c l e  en e rg y  of  a. I MeV ( se e  a l s o  t a b l e  6 . 1 ) .
F i g u r e  6 . 2  shows the  s t o p p i n g  power f o r  l i g h t  and he a vy  f r a g m e n t s  i n  
EPS 9 w i t h  a g a i n  s i m i l a r  c u r v e s  f o r  t h e  o t h e r  m a t e r i a l s .  The g r a p h s  a r e  
v e r y  s i m i l a r  i n  t h a t  t h e  heavy  f r a g m e n t s  have  a  h i g h e r  dE /dx  a t  h i g h  
e n e r g i e s ,  t h e  d i f f e r e n c e  g e t t i n g  s m a l l e r  as  en e rg y  d e c r e a s e s  and t h e  c u rv e s  
a r e  c r o s s i n g  o v e r  a t  a b o u t  40 MeV. Th i s  e n e r g y  r o u g h l y  c o i n c i d e s  w i t h  t h e  
e n e rg y  v a l u e  a t  which  t h e  c u r v e s  f o r  t h e  t o t a l  l i g h t  o u t p u t  as  a f u n c t i o n  
of  e n e rg y  c r o s s  and t h i s  i s  a s t r o n g  i n d i c a t i o n  t h a t  t h e  v a r i a t i o n  i n  t h e  
l i g h t  o u t p u t  i s  r e l a t e d  t o  the  s t o p p i n g  power dependence  on e n e r g y .  These 
f i n d i n g s  s u g g e s t  t h a t  t h e  s c i n t i l l a t i o n  e f f i c i e n c y  i s  i n v e r s e l y  p r o p o r t i o n a l  
t o  t h e  s t o p p i n g  power .  T h i s  i s  i n  a g re e m e n t  w i t h  p r e v i o u s  o b s e r v a t i o n s  
t h a t  t h e  h i g h e r  t h e  s t o p p i n g  power ,  t h e  s m a l l e r  t h e  s c i n t i l l a t i o n  e f f i ­
c i e n c y .
6 . 1 . 3  S e m i - e m p i r i c a l  e q u a t i o n s
An a l t e r n a t i v e  way o f  c a l c u l a t i n g  t h e  s t o p p i n g  power and r a n g e  o f  
heavy io n s  i n  m a t t e r  i s  to  u se  s e m i - e m p i r i c a l  e q u a t i o n s .
L in d h a rd  e t  a l . ^ 35) has  p r o p o s e d  a t h e o r y  f o r  the  s t o p p i n g  power o f  
heavy  i o n s  b a s e d  on t h e  Thomas-Fermi model  o f  t h e  atom. While  t h i s  p r e d i c t s  
t h e  g e n e r a l  t r e n d  i n  t h e  v a r i a t i o n  o f  dE/dx  t h e  a c t u a l  f i g u r e s  a r e  i n  some 
c a se s  30% lower  t h a n  t h e  e x p e r i m e n t a l  r e s u l t s ^ 36^.
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The a v a i l a b l e  r a n g e - e n e r g y  r e l a t i o n s  a r e  e i t h e r  p u r e l y  e m p i r i c a l ^ 37  ^
o r  e m p i r i c a l  m o d i f i c a t i o n s  o f  L i n d h a r d ’ s e q u a t i o n ^ 38^ . N i d a y ^ 39  ^ showed 
t h a t  t h e  s t o p p i n g  power f o r m u la  due t o  B o h r ^ 0) may be m o d i f i e d  s l i g h t l y  
w i t h o u t  any l o s s  o f  s i g n i f i c a n c e  o f  B o h r ’ s o r i g i n a l  a s s u m p t i o n s .
S.  M u k h e r j i  and B.K, S r i v a s t o v a ^ ^  e x t e n d e d  N i d a y ' s  e q u a t i o n  to  i n ­
c lu d e  a l l  s o l i d  med ia  b o t h  f o r  r a n g e  and s t o p p i n g  power c a l c u l a t i o n s .  The 
e q u a t i o n s  f o r  s t o p p i n g  power and ran g e  r e s p e c t i v e l y  a r e  g i v e n  i n  te rms  o f  
the  v e l o c i t y  as  f o l l o w s
dF f(V f , 5/3 I= 1 .327 | 4 . 7 6 2 2 [ f ( Z 1) ]  ■ + f ( 7 . j ) j v  6 . 4
Al W V
R  -------------------------------------------— ---------------  6 . 5
127 .3  f  (Z2) ^ 4 .  7622 f  (Z1> /3+ f  ( Z j ) |
where a r e  t h e  a to m ic  mass and a to m ic  number o f  t h e  i o n
A2 , Z2 a r e  t h e  a to m ic  mass and a tom ic  number o f  t h e  a b s o r b e r  a toms
V t h e  i o n  v e l o c i t y  ( i n  u n i t s  o f  108 cm/sec)
th e  i n i t i a l  v e l o c i t y  o f  t h e  i o n  ( u n i t s  o f  108 cm /sec )  
and = e 2/h  the  Bohr o r b i t a l  v e l o c i t y  ( u n i t s  o f  If)8 cm/sec)
The f u n c t i o n s  f ( Z  ) a n d ' f ' ( Z  ) ,  o r  i n  g e n e r a l  f ( Z  ) a r e  g i v e n  by
3^ $
f (Z  ) = 0 . 2 8  Z f o r  Z < 45 .5
f ( z  ) = Z d f o r  Z > 45 .5
E q u a t io n  6 .5  has  b e e n  found  t o  f i t  v e r y  a c c u r a t e l y  e x p e r i m e n t a l  d a t a  f o r  
79Br and 127i  i n  Be, A l ,  Ni and A u ^ ^  . The v a l i d i t y  o f  e q u a t i o n  6 . 5  was 
a l s o  t e s t e d  by c a l c u l a t i n g  t h e  r a n g e  o f  l i g h t  and heavy  f r a g m e n t s  i n  VYNS 
and th e n  compar ing th e  r e s u l t s  w i t h  t h o s e  o b t a i n e d  e x p e r i m e n t a l l y . ( p r e s e n t e d
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i n  t a b l e  4 . 3 ) .  F o r  t h e s e  c a l c u l a t i o n s  t h e  f o l l o w i n g  p a r a m e t e r s  were 
u sed :
v3
Heavy f r a g m e n t s :  Z1 = 5 5 . 5 ,  A.  ^ = 1 4 1 .7 ,  f ( Z 1) =
%L i g h t  f r a g m e n t s :  Z  ^ = 4 2 . 5 ,  = 1 0 6 .4 ,  fCZj)  = 0 . 2 8  Z
For  t h e  p l a s t i c  s t o p p i n g  medium:
%
Z2 = 5 . 7 1 9 ,  A2 = 7 .4 1 6 6 ,  f ( Z £) = 0 . 2 8  Z£
The v a l u e  o f  VQ was t a k e n  as  2 . 1 8  ( t h e  u n i t s  b e i n g  108c m / s ) .
The c a l c u l a t e d  r a n g e s  f o r  9 2 .8 8  MeV l i g h t  f r a g m e n t s  and 70 .60  MeV 
heavy f r a g m e n t s  were  found  to  be 1. 86 mg/cm2 and 1.46  mg/cm2 r e s p e c t i v e l y ,  
u s i n g  e q u a t i o n  6 . 5 .  The r a n g e  f o r  l i g h t  and heavy  f r a g m e n t s  i n  p l a s t i c  
was c a l c u l a t e d  . f o r  s e v e r a l  f r a g m e n t  e n e r g i e s .  The d i f f e r e n c e  b e tw e en  t h e  
value: o b t a i n e d  a t  a g iv e n  e n e rg y  and t h e  undegraded  f i s s i o n  f r a g m e n t  r ange  
p r o v i d e d  the  d i s t a n c e  t r a v e l l e d  i n  t h e  medium and hence  t h e  d e g r a d e r  t h i c k ­
n e s s .  The c a l c u l a t e d  r e s u l t s  a r e  shown as  t h e  s o l i d  l i n e s  o f  f i g u r e  5 . 2 3 .
Th is  shows a r e s o n a b l y  c l o s e  ag re e m e n t  b e tw een  t h e  e x p e r i m e n t a l  p o i n t s  and t h e  . 
p r e d i c t i o n s  o f  e q u a t i o n  6 . 5  and th u s  e q u a t i o n  6 .5  p r o v i d e s  us w i t h  a  r e l i a b l e  
e q u a t i o n  f o r  t h e  r a n g e  o f  f i s s i o n  f r a g m e n t s  i n  s o l i d s .
6 . 1 . 4  The t o t a l  s t o p p i n g  power
I t  i s  much more d i f f i c u l t  t o  t e s t  t h e  v a l i d i t y  o f  t h e  s t o p p i n g  power 
fo rm u la  ( e q n .  6 .4 )  than  i t  i s  t o  t e s t  t h e  r a n g e  e q u a t i o n ,  the  r e a s o n  b e i n g  
t h a t  d i r e c t  m easurements  o f  dE/dx  due t o  e l e c t r o n i c  i n t e r a c t i o n s  a l o n e  a r e  
n o t  p o s s i b l e .
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I n  o r d e r  t o  t e s t  t h e  v a l i d i t y  o f  e q u a t i o n  6 . 4  an e x p r e s s i o n  f o r  t h e  
t o t a l  s t o p p i n g  power ( e l e c t r o n i c  + n u c l e a r )  i s  o b t a i n e d  which  i s  s ub ­
s e q u e n t l y  i n t e g r a t e d  o v e r  t h e  whole  e n e rg y  ran g e  ( from  th e  u n de g ra de d  
f i s s i o n  f r a g m e n t  e n e rg y  down to  z e ro )  w i t h  r e s p e c t  to  x , t h e  d i s t a n c e  
t r a v e l l e d  i n  t h e  medium. The i n t e g r a l  s h o u l d  be e q u a l  t o  t h e  f i s s i o n
f r a g m e n t  e n e rg y  p r i o r  t o  e n t e r i n g  th e  s o l i d ,  i . e .
E
E = dEdx dx 6 . 6
where
dE
dx
-  f— I 'dE'
J T  l d x .
T
e dx II
6 . 7
i . e .  t he  sum o f  t h e  e l e c t r o n i c  and n u c l e a r  s t o p p i n g  pow ers .
The e l e c t r o n i c  s t o p p i n g  power i s  e i t h e r  g i v e n  by e q u a t i o n  6 . 4  o r  
by t a b l e s  6 . 2  and 6 . 3 .
The n u c l e a r  s t o p p i n g  power i s  g iv e n  b y ^ 2) 
dV
r  \
dE
dx = M V dx
1, dV * • Vwhere i s  g i v e n  by
dV
dx
2 ttN Z jZ ^ e 1*
-  l
h 2m V3
6 . 8
6 . 9
and Lt i s  g i v e n  byV
/ 2/ 3 2/ 3 A +A
Z Z /  Z, + Z M 7-j—1 2  1 2  e A,A„1 2
V 2 
V 6.10
where = 2 .1 8  x 108c m /sec .  
e = e l e c t r o n i c  cha rge
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N = number o f  a toms p e r  ciir* i n  Live medium
M = e l e c t r o n i c  mass e
M ,M2 = mass number o f  f r a g m e n t  and medium atoms 
M = mass o f  f r a g m e n t .
The t o t a l  s t o p p i n g  power was t h u s  o b t a i n e d  and the  i n t e g r a l  o f  
e q u a t i o n  6 .6  was c a l c u l a t e d  by n u m e r i c a l  i n t e g r a t i o n  by  means of  a computer  
p rog ram .  I n  o r d e r  to  make t h e  v a l u e  o f  t h e  i n t e g r a l  e q u a l  t o  t h e  u n d e g ra d e d  
f i s s i o n  f r a g m e n t  e n e r g y ,  t h e  e l e c t r o n i c  s t o p p i n g  power was m u l t i p l i e d  by a 
f a c t o r  found by t r i a l  and e r r o r  to  be 0 .9 7  f o r  l i g h t  f r a g m e n t s  and 0 .9 5  
f o r  heavy  f r a g m e n t s .  T a b l e s  6 . 4  and 6 . 5  g iv e  t h e  c a l c u l a t e d  v a l u e s  f o r  a 
g i v e n  r a n g e  of  t h e  e n e r g y ,  t h e  e l e c t r o n i c ,  t h e  n u c l e a r  and t h e  t o t a l  s t o p p i n g  
power o f  l i g h t  and heavy  f r a g m e n t s  i n  a n t h r a c e n e  r e s p e c t i v e l y .  F i g u r e s  6 . 3  
and 6 . 4  g i v e  a g r a p h i c a l  p r e s e n t a t i o n ,  o f  t h e  e l e c t r o n i c ,  n u c l e a r  and t o t a l  
s t o p p i n g  power as  a  f u n c t i o n  o f  y e l o c i t y ,  of  l i g h t  and heavy  f r a g m e n t s  i n  
a n t h r a c e n e  r e s p e c t i v e l y .  A, co m p a r i so n  b e tw e en  th e  v a l u e s  c a l c u l a t e d  by  
e q u a t i o n  6 , 4  and t h e  v a l u e s  c a l c u l a t e d  by i n t e r p o l a t i o n  from t h e  N o r t h c l i f f e  
and S c h i l l i n g  t a b l e s  shows t h a t  w h i l e  e q u a t i o n  6 . 4  g i v e s  a  l i n e a r  dependence  o f
( d E /d x ) e on i o n  v e l o c i t y ,  t h e  r e s u l t s  of  t a b l e s  6 . 2  and 6 . 3  show a n o n - l i n e a r
r e l a t i o n s h i p  s a t u r a t i n g  a t  h i g h  v e l o c i t i e s  - (a round  1 , 3  c m / n s ) . Th is  h i g h ­
l i g h t s  t h e  e x i s t i n g  u n c e r t a i n t i e s  i n  t h e  s t o p p i n g  power v a l u e s  and  u n t i l  
r e l i a b l e  e x p e r i m e n t a l  d a t a  become a v a i l a b l e ,  no p r o p e r  c o r r e l a t i o n  can  be 
made b e tw e e n  t h e  s c i n t i l l a t i o n  e f f i c i e n c y  and  t h e  s t o p p i n g  p o w e r .
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TABLE 6 . 4
Range-Energy  Tab le  f o r  L i g h t  Fragments  i n  A n th rac e n e  
G iv ing  t h e  E l e c t r o n i c ,  N u c l e a r  and T o t a l  S t o p p in g  Power
Range Energy  ( d E / d x ) e ( d E /d x ) n ( d E / d x ) T
mg/cm2 MeV MeV(mg/cm2)~' MeV(mg/cm2) MeVCmg/cm2)
; o i 2 .76 13.69 3.56 2 2 .2 5
.06 3 .52 15 .47 7.32 22 .79
. i a 4 .3 7 17 .24 6 .3 4 2 3 .5 3
.16 5 .3 2 19.02 5 .5 4 . 24 .56
.21 6 .3 7 20 .79  ^ 4 .8 8 2 5 .6 3
.26 7 .50 2 2 .5 7 4 .3 4 2 6 .9 1
.31 8 .7 3 24.35 3 .8 8 28 .2 4
.36 10 .0 26 .12 3 .5 0 2 9 .6 3
' .41 11.46 27 .9 0 3 .1 7 31 .07
.46 12 .97 ■ 29 .6 8 2 .89 32 .57
.51 14 .57 31.45 2 .6 4 3 4 .1 0
.56 16 .26 3 3 .2 3 2 .4 3 35 .66
.61 18.04 35 .01 2 .2 4 37.25
.66 19.92 36 .7 8 2 .0 7 38 .86
.71 21.89 35 .56 1.92 40 .49
. 76 23 .96 40 .34 1.79 42 .13
.81 26 .1 1 42 .1 1 1 .6 7 43 .79
.86 2 8 .3 6 43 .89 1.-56 45 .46
.91 30 .71 45 .66 1 .47 47 .1 4
.96 33 .1 4 47 .44 1 .38 48 .83
1.01 35 .67 49 .22 1 .3 0 50 .5 2
1.06 38 .29 5 0 .9 9 1 .2 3 5 2 .2 3
1.11 41.01 5 2 .7 7 1.16 5 3 .9 4
1 .16 43 .31 54 .55 1 .1 0 55 .65
1.21 46 .72 5 6 .3 2 1 .0 4 5 7 .3 7
1.26 4 9 .7 1 5 8 .1 0 .99 5 9 .1 0
1.31 52 .79 5 9 .8 8 .94 6 0 .8 3
1.36 5 5 .9 7 61 .65 .90 62 .5 6
1 .41 59 .25 6 3 .4 3 .86 64 .29
1.46 62 .6 1 65 .2 1 .82 6 6 .0 3
1.51 66 .0 7 6 6 .9 8 .78 6 7 .7 7
1.56 69 .62 68 .76 .75 69 .51
1.61 73.26 70 .5 4 .72 71.26
1.66 77.00 72 .31 .69 73.01
1 .71 80 .8 3 74.09 .66 74.75
1 .76 84 .75 75.86 .64 . 76 .51
1 .81 88 .7 7 77 .64 .61 73 .26
1.86 92 .8 8 79 .42 .59 80 .01
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TABLE 6 .5
Range-Energy Tab le  f o r  Heavy Fragm en ts  i n  A n th r a c e n e  
G iv ing  t h e  E l e c t r o n i c ,  N u c l e a r  and T o t a l  S t o p p i n g  Power
Range ' Energy  ( d E / d x ) e ( d E /d x ) n (dE/d x) r
.01 3 .65  16.36  12 .85  2 9 .2 1
.06 4 .56  18 .27  1 1 .2 8  29 .56
.11  5 .5 7  20 .19  9 . 9 7  30 .16
.16 6 .6 7  2 2 .1 0  8 .8 7  30 .9 8
.21  7 .8 8  24 .02  7 .9 4  31 .96
.26 9 .1 9  2 5 .9 3  7 .15  33 .09
.31 10.59 27 .85  6 . 4 8  * 34 .33
.36 12 .1 0  29 .7 6  5 .8 9  35.66
.41 13 .71  31 .67  5 .3 9  37 .07
.45 15 .41  33 .59  : 4 .9 4  38 .5 4
.51 17.22  35 .50  4 .56  40 .06
.56 19 .13  37 .42  4 .2 1  41 .6 4
.61  2 1 .1 4  39 .3 3  3 .9 1  43 .25
.66 23 .25  41 .25  3 .6 4  . 44 .89
.71 25 .45  43 .16  3 .39  46 .56
.76 27 .76  4 5 .0 8  3 .1 7  48 .26
.81 30 .17  46 .99  2 . 9 8  49 .9 7
.86 32 .68  48 .91  2 ’.30  5 1 .7 1
.91 35 .29  50 .32  2 .6 3  53 .46
.96 38 .00  5 2 .7 3  2 .4 9  . 5 5 .2 3
1.01  40 .81  54 .65  2 .3 5  5 7 .0 0
1 .06  43 .72  5 6 .5 6  2 . 2 3  58 .7 9
1 .11  46 .73  5 8 .4 8  2 .1 1  60 .5 9
1.16 49 .83  60 .39  2 .0 1  6 2 .4 0
1 .21  53 .04  62 .3 1  1 .9 1  64 .22
1.26  56 .35  64 .22  1 .82  6 6 .0 4
• 1 .3 1  59 .76  6 6 .1 4  1 .7 3  67 .8 7
1.36  63 .2 8  68 .05  1 .66  6 9 .7 1
1 .41  66 .89  6 9 .9 7  1 .5 8  71 .55
1.46 70 .60  71 .88  1 .5 1  73 .40
80
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6 . 2  Charge V a r i a t i o n
As m e n t io n e d  e a r l i e r  t h e  i o n s  r e s u l t i n g  from t h e  f i s s i o n  o f  252C f , 
i n i t i a l l y  t r a v e l l i n g  a t  a b o u t  1 cm/ns a r e  o n l y  a b l e  t o  d e t a c h  a b o u t  h a l f  
t h e i r  e l e c t r o n s .  As t h e  f i s s i o n  f r a g m e n t s  a r e  s lo w in g  down i n  m a t t e r  
the  p r o b a b i l i t y  o f  e l e c t r o n  p i c k - u p  i n c r e a s e s .  Thus the  e f f e c t i v e  i o n i c  
cha rge  d e c r e a s e s  from a v a l u e  a ro u n d  20 ( a t  v  1 cm/ns)  to  a round  0 -1  a t  
v e l o c i t i e s  a ro u n d  v (= e 2 /H = 2 . 1 8  x 10®cm/sec) . .  The a c t u a l  i o n i c  c h a r g e  
a t  any one i n s t a n t  w i l l  f l u c t u a t e  a b o u t  a  most  p r o b a b l e  v a l u e  d e p e n d e n t  on 
t h e  i o n  v e l o c i t y .  A s t e a d y  s t a t e  c h a rg e  d i s t r i b u t i o n  i s  a t t a i n e d  which  i s  
de p e n d en t  on t h e  r e l a t i v e  v a l u e s  f o r  t h e  c r o s s - s e c t i o n s  f o r  g a i n  and l o s s  
o f  e l e c t r o n s  i n  t h e  v a r i o u s  a to m ic  s h e l l s  o f  t h e  i o n .  These c r o s s - s e c t i o n s ,  
i n  t u r n ,  w i l l  depend on the  type  o f  t h e  i o n ,  t h e  v e l o c i t y  o f  t h e  i o n  and  
the  n a t u r e  o f  the medium. In  p a r t i c u l a r  the e q u i l i b r i u m  c h a rg e  d i s t r i b u ­
t i o n  i s  i n d e p e n d e n t  o f  t h e  i n i t i a l  d i s t r i b u t i o n  o f  c h a r g e s  i n c i d e n t  oh t h e  
t a r g e t .  We s h a l l  f rom h e r e  on r e f e r  t o  t h e  most  p r o b a b l e  v a l u e  o f  t h e  i o n i c  
c ha rge  as  t h e  e f f e c t i v e  c h a rg e  (d e n o t e d  Ce ££)*
The e x a c t  dependence  o f  ?e ££ on v e l o c i t y  c a n n o t  be g i v e n  s im p l y  f rom  
f i r s t  p r i n c i p l e s ,  and a p p r o x i m a t i o n s  a r e  r a t h e r  s e n s i t i v e  t o  t h e  a t o m i c  
.model  u s e d .
The e v a l u a t i o n  o f  Ce ££ was c a r r i e d  o u t  by BohrC1* ^  i n  t h e  c a s e  o f  a
"heavy"  i o n  p a s s i n g  th ro u g h  a "heavy"  medium on th e  b a s i s  o f  two a s s u m p t i o n s .
The f i r s t  a s su m p t io n  i s  t h a t  t h e  number o f  o r b i t a l  e l e c t r o n s  n ( v  ) whoses
v e l o c i t i e s  a r e  l e s s  th a n  a  g i v e n  v e l o c i t y  v g i s  g i v e n  by
n s (vs ) = v s V -  6 - n0
where  v g i s  t h e  ’ e f f e c t i v e ’quantum number f o r  t h e  o u t e r  o r b i t a l  e l e c t r o n s .
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I f  a heavy  atom i s  d e f i n e d  as  one w i t h  atomic,  number Z l a r g e  enough f o r  
t he  Thomas-Fermi s t a t i s t i c a l  a p p ro a c h  to  be  a p p l i c a b l e ,  t h e n  y may be
hr e p l a c e d  by Z . Hence 
H  v s
n ( v  ) = z —  6 . 12
0
The second  a s s u m p t io n  i s  t h a t  t h e  number o f  e l e c t r o n s  l o s t  by a 
heavy  i o n  a t  a v e l o c i t y  V i s  e q u a l  t o  t h e  number o f  i t s  o r b i t a l  e l e c t r o n s  
w i t h  v e l o c i t y  l e s s  t h a n  V. Hence
. ?e f f  "  n ( v s = V) = zl/3 V/V0 6 ' 13
A s u b s e q u e n t  t h e o r e t i c a l  e s t i m a t e  by Bohr and L i n d h a r d ^ 3) showed t h a t  
1/3 ,
?e f f = K Z  V/V0 6 *14
where K = 1.5  i n  s o l i d  media  
K = 1 i n  ga seous  m ed ia .
U s ing  more r e c e n t  d a t a ,  f o r  t h e  r ange  o f  f i s s i o n  f r a g m e n t s  i n  s o l i d s ,
h
M u k h e r j i  and S r i v a s t a w a ^ 1) s u b s t i t u t e d  K Z f o r  f ( Z  ) i n  e q u a t i o n  6 . 5 ,  
which  p r e d i c t s  t h e  r a n g e  f a i r l y  a c c u r a t e l y ,  and t r i e d  t o  s e e  i f  t h e r e  i s  
any s y s t e m a t i c  v a r i a t i o n  i n  K. The r e s u l t s  show t h a t  K i n  heavy  s o l i d  
media  i s  o f  t h e  o r d e r  o f  u n i t  which  s u p p o r t s  B o h r ’ s o r i g i n a l  a s s u m p t i o n  
(eqn .  6 .1 3 )  t h a t  C0 ££ i s  i n d e p e n d e n t  o f  the  medium b u t  c o n t r a d i c t s  
L a s s e n ’ s o b s e r v e d  d i f f e r e n c e s  i n  f i s s i o n  f r a g m e n t  c h a rg e  b e tw e e n  s o l i d  
and gaseous  m edia .
6 . 2 . 1  S e m i - e m p i r i c a l  r e l a t i o n s  f o r  t e f f
C o n s i d e r a b l e  e f f o r t  h a s  be e n  d e v o t e d  t o  t h e  deve lopm en t  o f  s e m i -  
e m p i r i c a l  r e l a t i o n s h i p s  f o r  t h e  a v e ra g e  e q u i l i b r i u m  c h a rg e  o f  he a v y  i o n s  
by s e v e r a l  a u t h o r s .  Th is  work has  be e n  r e v i e w e d  e x t e n s i v e l y  by B e t z ^ * ^
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Booth and G r a n t O ’3) have a t t e m p t e d  to  f i t  t h e i r  d a t a  to  a s i n g l e
c u rve  f o r  t h e  e f f e c t i v e  c h a rg e  p a r a m e t e r  y d e f i n e d  as
4e f f  £ nt:
'• = ~  6 .15
where Z i s  t h e  a to m ic  number o f  t h e  i o n .
I t  was found  t h a t  t h e  e f f e c t i v e  c h a rg e  was a l m o s t  i n d e p e n d e n t  o f  t h e  
s t o p p i n g  m a t e r i a l  and t h a t  a s i n g l e  c u rv e  o f  y 2 w i l l  summarise  t h e  s t o p p i n g  
power d a t a  f o r  each  moving i o n .  The f u n c t i o n  f i t t i n g  the  d a t a  was
y 2 = f ( e  Z ) 6 .1 6
where e = E/M t h e  e n e rg y  p e r  u n i t  mass o f  t h e  moving i o n  and f ( x )  g i v e n  by
f ( x )  = 1 -  e x p ( -  24.73 x + 247.6 x 2 -  1131 x 3) 6.17
where x  = e Z
A n o th e r  e m p i r i c a l l y  d e t e r m i n e d  f o r m u l a t i o n  f o r  y 2 i s  g i v e n  b y ^ 6  ^ .
-2  —
VK
y 2 = 1 -  R e . 6.18
where R = 1.85
v  i s  t h e  v e l o c i t y  and
v^ t h e  Bohr o r b i t a l  v e l o c i t y  o f  t h e  f i r s t  e l e c t r o n .
F a i r l y  c om prehens ive  f o rm u la e  h a v e ' b e e n  g i v e n  by D m i t r i e v  and 
Nikolaev^74) b o t h  f o r  t h e  e f f e c t i v e  c h a r g e  p a r a m e t e r  y and  t h e  w i d t h  o f  
t h e  c h a r g e  d i s t r i b u t i o n  d,  assumed t o  be  G a u s s i a n
Y = l o g e
vZ a 2/ l o g ^ n  Z 6 .1 9M
where  v = v e l o c i t y  o f  t h e  io n  i n  u n i t s  o f  108cm/sec
and a f M, n ,  K a r e  c o n s t a n t s  o f  t h e  s lo w in g  down m a t e r i a l .  F o r
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s o l i d s  the  v a l u e s  a re
a = 0 . 1 ,  a = 0 . 6 ,  M = 1 . 2 ,  n  = 5 . 0  1 * 2  ’
The w i d t h  o f  t h e  c h a rg e  d i s t r i b u t i o n  assumed to  be G a u s s i a n  i s  g i v e n  by
d = d ZK 6 .2 0
0
where d = 0 . 3 8  f o r  s o l i d s  and K = 0 . 4 0 .
0
A n o t h e r  e m p i r i c a l  r e l a t i o n  f o r  t h e  e f f e c t i v e  c h a rg e  i s  g i v e n  by 
B a r k a s ( 1+7) as
Se f f  = Z
~ h1 -  e x p ( l  -  1253 Z 6.21
The e m p i r i c a l  r e l a t i o n s ,  m en t io n e d  so  f a r  f a i l  t o  t a k e  t h e  d e n s i t y  e f f e c t  
i n t o  c o n s i d e r a t i o n .  None o f  t h e s e  e q u a t i o n s  p r e d i c t  a l l  a v a i l a b l e  e x p e r i m e n t a l  
d a t a .  I n  a d d i t i o n  t h e r e  a r e  wide  v a r i a t i o n s  i n  t h e  p r e d i c t i o n s  o f  t h e  f i s s i o n  
f r a g m e n t  c h a r g e .  In  some c a s e s  the  p r e d i c t i o n s  d i f f e r  by a b o u t  as  much as  
6 e l e c t r o n  c h a rg e  u n i t s .
The most  r e l i a b l e  e m p i r i c a l  e q u a t i o n  f o r  the  e f f e c t i v e  c h a r g e  o f  heavy 
io n s  i n  s o l i d s  has  been  s u g g e s t e d  by H.D. B e tz  e t  a l . ^ 8  ^ as  f o l l o w s
Ce f f  = 2 (1  -  c ' e “ 6 3 / a ) ■ 6 .2 2
where c and 6 a r e  c o n s t a n t s  depend ing  b o t h  on t h e  incom ing  p a r t i c l e  and 
t h e  medium, a i s  t h e  f i n e  s t r u c t u r e  c o n s t a n t  (= 1 /137)  and 8 = v
The c o n s t a n t s  c and 6 a r e  g iv e n  i n  t a b l e  1 o f  R e f e r e n c e  48 (a )  f o r  
S,  As ,  I  and U i n  p l a s t i c  ( F o r m v a r ) . By e x a m in in g  t h e  v a r i a t i o n  i n  t h e s e  
c o n s t a n t s  as  a f u n c t i o n  o f  the  v a l u e  o f  Z f o r  t h e  v a r i o u s  incom ing  p a r t i c l e s
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we o b t a i n e d  by i n t e r p o l a t i n g  t h e  v a l u e s  f o r  t h e  c u r v e s  o f  l i g h t  f r a g m e n t s  
(Z = 4 2 .5 )  and heavy  f r a g m e n t s  (Z = 5 5 . 5 ) .  The v a l u e s  t hus  o b t a i n e d  a r e
j )
f o r  l i g h t  f r a g m e n t s  c = 1 ,068  and 6 = 0 .1 4 0  and f o r  heavy  f r a g m e n t s  c = 1 .03
and 6 = 0 , 1 2 5 .  These v a l u e s  w ere  u s e d  t o  o b t a i n  t h e  v a r i a t i o n  i n  t h e
e f f e c t i v e  c h a rg e  o f  l i g h t  and heavy  f r a g m e n t s  i n  p l a s t i c  shown i n  f i g u r e  6 .5  
and were t h e  v a l u e s  s u b s e q u e n t l y  used  t o  c o r r e l a t e  t h e  e f f e c t i v e  c h a rg e  
t o  the  s c i n t i l l a t i o n  e f f i c i e n c y .
I d e a l l y  what  i s  n e e d ed  i s  e x p e r i m e n t a l l y  m easu red  v a l u e s  f o r  Ce ££ f o r
l i g h t  and heavy  f r a g m e n t s  i n  t h e  v a r i o u s  m a t e r i a l s  i n v e s t i g a t e d  i n  t h i s
p r o j e c t .  By u s i n g  t h e  method d e s c r i b e d  i n  s e c t i o n  2 . 3 . 1  v a r i o u s  t h i c k ­
n e s s e s  o f  each  p l a s t i c  u sed  may be p r e p a r e d  and ?e ££ can t h e n  be o b t a i n e d  
by c u r r e n t  measurements  w i t h  a F a r a d a y  cup .  U n t i l  t h e s e  i n v e s t i g a t i o n s  a r e  
c a r r i e d  o u t  an u n c e r t a i n t y  w i l l  a lways e x i s t  r e g a r d i n g  t h e  v a l u e s  o f  t h e  
e f f e c t i v e  c h a rg e  a t  each  e n e r g y .
In  t h e  f o l l o w i n g  c h a p t e r  an a t t e m p t  w i l l  be  made to  c a l c u l a t e  t h e
t o t a l ,  l i g h t  o u t p u t  by means o f  t h e  v a r i o u s  e x i s t i n g  t h e o r i e s  u s i n g  t h e
c a l c u l a t e d  v a l u e s  f o r  dE/dx and C o b t a i n e d  h e r e .  The c a l c u l a t e d  v a l u e se f f
f o r  t h e  l i g h t  o u t p u t  w i l l  t h e n  be  compared t o  t h e  e x p e r i m e n t a l  v a l u e s  
p r e s e n t e d  i n  C h a p t e r  5 .
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CHAPTER 7
COMPARISON OF EXPERIMENTAL RESULTS WITH THEORY
7 .1  The B i r k s  Theory  o f  S c i n t i l l a t i o n ,
In  s e c t i o n  1 .3  i t  was m en t ioned  t h a t  B i r k s C O  has  p r o p o se d  a s e m i -  
e m p i r i c a l  f o rm u la  r e l a t i n g  dL /dx ,  t h e  s p e c i f i c  l u m in e s c e n c e  t o  d E /d x y  th e  
s p e c i f i c  e n e rg y  l o s s  f o r  t h e  p a r t i c l e  i n s i d e  t h e  s c i n t i l l a t o r .  R e c a l l i n g  
the  main f e a t u r e s  o f  B i r k s 1 t h e o r y ,  f o r  low dE7dx, a s  f o r  e l e c t r o n s y w h e r e  
t h e  i n d i v i d u a l  m o l e c u l a r  e x c i t a t i o n s  a r e  w e l l  s e p a r a t e d  and  do n o t  i n t e r a c t ,  
t h e  s c i n t i l l a t i o n  o u t p u t  i s  s im p l y  p r o p o r t i o n a l  t o  t h e  e n e r g y  d e p o s i t e d  and 
t h e r e f o r e
(equation 1.8)
Fm p a n i c l e s  w h e r e  I lie i on i s a  I i on and e x c i t a t i o n  in s u  I, I' i e i e n  t I y h i g h  
( e . g .  p r o t o n s ,  a - p a r t i c l e s )  the  l i g h t  o u t p u t  i s  r e d u c e d  by i n t e r a c t i o n s  b e tw e en  
t h e  e x c i t e d  c e n t r e s  s u c h  t h a t :
dL
dx l+KB d^x
( e q u a t i o n  1 .9 )
where  S,  KB a r e  c o n s t a n t s ,  and i n  t h e  e x t r e m e  c a s e s  where  dE /dx i s  o v e r  50 
MeV/(mg/cm“ 2) ( e . g .  f i s s i o n  f r a g m e n t s )  e q u a t i o n  1 .9  r e d u c e s  to
ciT S~  = c o n s t a n t  ( e q u a t i o n  1 .10 )
I n  t h i s  c h a p t e r  t h e  above e x p r e s s i o n s  w i l l  be p u t  t o  the  t e s t .  In  t h e  c a se  
o f  f i s s i o n  f ra g m e n t s  e q u a t i o n  1 . 1 0  w i l l  b e  t e s t e d  d i r e c t l y  by e x a m in in g  th e
dL /"1T7v a r i a t i o n  o f  -j— w i t h  _  o In  the  f o l l o w i n g  s e c t i o n  t h e  e x p e r i m e n t a l  r e s u l t s  ax  dx
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of c h a p t e r  5 f o r  a l p h a  p a r t i c l e s  i n  t h e  v a r i o u s  o r g a n i c  s c i n t i l l a t o r s  w i l l  
be f i t t e d  to  the  B i r k s  e q u a t i o n  ( e q u a t i o n  1 .9 )  u s i n g  s i n g l e  v a l u e s  ( ene rgy  
i n d e p e n d e n t )  f o r  t h e  c o n s t a n t s  S and KB. The v a l u e s  t hus  o b t a i n e d  f o r  e a c h  
s c i n t i l l a t o r  w i l l  s u b s e q u e n t l y  be  used  to p r e d i c t  t h e  t o t a l  l i g h t  o u t p u t  i n  
t h e  c a s e  o f  f i s s i o n  f r a g m e n t s  i n  t h e  v a r i o u s  s c i n t i l l a t o r s  and t h e n  t h e s e  - 
v a l u e s  w i l l  be  compared w i t h  v a l u e s  o b t a i n e d  e x p e r i m e n t a l l y .
The lu m i n e s c e n c e  e f f i c i e n c y  dL/dE i s  g i v e n  by
The t o t a l  l i g h t  o u t p u t  i s  s u b s e q u e n t l y  o b t a i n e d  by i n t e g r a t i n g  the  r h s  
o f  e q u a t i o n  7 . 2  w i t h  r e s p e c t  t o  E ? i . e .
E
We have  assumed t h a t  S and KB a r e  c o n s t a n t s  o f  t h e  m a t e r i a l  and t h a t  t h e y  a r e  
i n d e p e n d e n t  o f  t h e  p a r t i c l e  e n e r g y ,
7 . 1 . 1  The r e s p o n s e  o f  s c i n t i l l a t o r s  t o  q - p a r t j c l e s
The e x p e r i m e n t a l  r e s u l t s  f o r  t h e  r e s p o n s e  o f  v a r i o u s  s c i n t i l l a t o r s  t o  a -  
p a r t i c l e s  a r e  summarised i n  t a b l e  5 . 1  and a r e  shown i n  f i g u r e  5 . 1 .  The v a l u e s  
f o r  t h e  s t o p p i n g  power ( d E 7 d x )  f o r  t h e  v a r i o u s  p l a s t i c  s c i n t i l l a t o r s  a r e  g i v e n  
i n  t a b l e  6 . 1 ,  c a l c u l a t e d  as d e s c r i b e d  i n  s e c t i o n  6 , 1 , 2 ,
dL _ (dL/dx)  
dE (dE /dx) 7 .1
By s u b s t i t u t i n g  dL/dx  from e q u a t i o n  1 .9  we o b t a i n
dL
dE 1+KB
S 7 .2
7 .3
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The a b s o l u t e  s c i n t i l l a t i o n  e f f i c i e n c y ,  S ,  i s  d i f f i c u l t  t o  measure  
a c c u r a t e l y ,  and f o r  p r e s e n t  p u r p o s e s  t h i s  was e x p r e s s e d  on a  r e l a t i v e  
s c a l e  w i t h  r e s p e c t  to  the  s c i n t i l l a t i o n  l i g h t  o u t p u t  o f  a n t h r a c e n e  f o r  
e l e c t r o n s  o f  a  g i v e n  e n e r g y ;  such  a q u a n t i t y  i s  q u o t e d  by s c i n t i l l a t o r  
m a n u f a c t u r e r s  to  f a c i l i t a t e  i n t e r c o m p a r i s o n  f o r  v a r i o u s  s c i n t i l l a t o r s  3»3Lf) . 
A l s o ,  i n  the  p r e s e n t  work ,  w i t h  t h e  v e r y  t h i n  s c i n t i l l a t o r s  u s e d ,  i t  was 
d i f f i c u l t  o r  i m p o s s i b l e  to  measure  t h e  r e s p o n s e  to  e l e c t r o n s  d i r e c t l y ,  s i n c e  
t h e  r a n g e  i s  so much l a r g e r  t h a n  t h e  s c i n t i l l a t o r  d i m e n s io n s .
H o p k i n s h a s  shown t h a t  f o r  a n t h r a c e n e
L ( 5 . 3  MeV e l e c t r o n s )  .... ,
L ( 5 . 3  MeV a - p a r  t i d e s )
From the  r e s u l t s  o b t a i n e d  f o r  a n t h r a c e n e  ( s e e  c h a p t e r  5) 5 . 3  MeV a - p a r t i c l e s  
g iv e  p u l s e s  p r o d u c i n g  a peak  a t  c h a n n e l  160 a t  t h e  s t a n d a r d  g a in  employed .
Thi s  5 . 3  MeV e l e c t r o n s  would have  p r o d u c e d  by e x t r a p o l u t i o n  a peak  a t  c h a n n e l  
160 x 11 .6 = 1856. Hence t h e  s c i n t i l l a t i o n  e f f i c i e n c y  f o r  e l e c t r o n s  on 
a n t h r a c e n e  i s  g i v e n  by
S = = 3 5 0 .2  channels /MeV 7.5dE E 5 .  3
( i . e .  a ssuming  th e  e l e c t r o n  r e s p o n s e  i s  l i n e a r  i n  t h e  r a n g e  0 -6  MeV). From t h e  
m a n u f a c t u r e r s  d a t a  f o r  t h e  r e l a t i v e  l i g h t  o u t p u t  o f  v a r i o u s  s c i n t i l l a t o r s  
e x p r e s s e d  as  a p e r c e n t a g e  of  t h e  l i g h t  p r o d u c e d  by a n t h r a c e n e ,  t h e  e l e c t r o n  
s c i n t i l l a t i o n  e f f i c i e n c y  S, i s  o b t a i n e d  f o r  t h e  v a r i o u s  s c i n t i l l a t o r s  s t u d i e d  
u s i n g  the  above u n i t s  ( t a b l e  7 . 1 ) .
For  e a c h  s c i n t i l l a t o r  a  v a l u e  o f  KB i n  mg cm^MeV"* was s u b s e q u e n t l y  
found such  t h a t  e q u a t i o n  7 .3  was s a t i s f i e d .  Th is  was a c h i e v e d  by means o f  a 
computer  p rogram  w r i t t e n  i n  BASIC and r u n  on t h e  NOVA 840 (DATA GENERAL) 
computer  o f  the  S u r r e y ’ s P h y s i c s  D e p a r tm e n t .  The d a t a  f o r  t h e  t o t a l  l i g h t
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o u t p u t  and t h e  c o r r e s p o n d i n g  e n e r g y  v a l u e s  were  c a l l e d  f rom a l r e a d y  e x i s t i n g  
computer  f i l e s  d e r i v e d  from t h e  e x p e r i m e n t a l  d a t a .  Hie c o r r e s p o n d i n g  dE /dx  
v a l u e  f o r  each e n e rg y  was a l s o  c a l l e d  from an e x i s t i n g  computer  f i l e .  Thus 
f o r  e a ch  v a l u e  o f  e n e rg y  the  v a l u e  o f  t h e  f u n c t i o n  f ( E )  i s  c a l c u l a t e d ,  where
f ( E ) -------------h —  7 -61+KB ^  (E) dx
A p o l y n o m i a l  o f  o r d e r  2 i s  s u b s e q u e n t l y  f i t t e d  to  t h e  v a l u e s  f ( E )  o b t a i n e d  
f o r  t h e  v a r i o u s  e n e r g i e s ,  w i t h  c o e f f i c i e n t  x l ,  x2 a nd  x3 such  t h a t
f ( E )  = x l  + x2 E + x3 E2 7 .7
L(E) i s  t h e n  g i v e n ,  by e q u a t i o n  7 .3  as
L(E) = S r x2 E2 x3 E 3x l  E + -  „ + " T - - 1 7 .8
L(E) v a l u e s  a r e  t h e n  compared to  t h e  e x p e r i m e n t a l  v a l u e s  s t o r e d  i n  t h e  
a p p r o p r i a t e  f i l e  and the  v a l u e  o f  KB i s  v a r i e d  so t h a t
i  (Lt h  ■ Le x p ) Minimum . 7 -9
where L j = T h e o r e t i c a l  v a lu e  f o r  the  l i g h t  o u t p u t  and
L '= E x p e r i m e n t a l  v a lu e  f o r  the  l i g h t  o u t p u t .exp
Ta b le  7 .1  shows th e  S v a l u e s  f o r  v a r i o u s  s c i n t i l l a t o r s  t o g e t h e r  w i t h  t h e  
KB v a l u e s  t h a t  f i t  t h e  e x p e r i m e n t a l  d a t a .
The v a l u e s  o b t a i n e d  f o r  KB f o r  a n t h r a c e n e  and NE 810 compare f a v o u r a b l y  
w i t h  v a l u e s  o b t a i n e d  by o t h e r  a u t h o r s . B i r k s ( 52) found t h e  v a l u e  o f  KB f o r  
a n t h r a c e n e  to  be  7.15 MeV- 1 (mg/cm2) as  compared to  7 .4  MeV- 1 (mg/cm2) i n  the  
p r e s e n t  work ,  and Evans and Be l lam y^53) found KB f o r  NE 102 (which i s  made o f
TABLE 7 .1
S KB
S c i n t i l l a t o r  Channel /MeV MeV"1 (mg/cm2)
A n th r a c e n e  350 .2  7 .4
KL 236 241 .6  12.4
KL 211 210 .1  1 2 .8
KL 212 , 23 1 .1  10 .9
KL-EPS 9 150 ,6  10 .7
S t i l b e n e  161.1. 1 6 .0
NE 810 227 .6  10 .7
The A b s o l u t e  S c i n t i l l a t i o n  E f f i c i e n c y  and t h e  KB Values  
f o r  V a r io u s  S c i n t i l l a t o r s  d e r i v e d  from a - p a r t i c l e s .
the  same p l a s t i c  as NE 810) to  be  10 MeV- 1 (mg/cm2) compared t o  1 0 . 7  MeV-1 
(mg/cm2) found i n  t h e  p r e s e n t  work .
Tab le  7 .1  shows t h a t  t h e  p l a s t i c  s c i n t i l l a t o r s  a l l  have  c l o s e l y  s i m i l a r  
KB vaLuos .  The u n u s u a l l y  h ig h  v a lu e  o b t a i n e d  l o r  s t i l b e n e  m igh t  have been 
due to  d e f e c t i v e  l i g h t  c o l l e c t i o n  c a u se d  by n o n - u n i f o r m i t y  i n  t h e  t h i c k n e s s  
of  the  sample u s e d  and d e f e c t i v e  c o u p l i n g  o f  t h e  s t i l b e n e  c r y s t a l  to  t h e  
p h o t o m u l t i p l i e r .
7 . 1 . 2  A p p l i c a b i l i t y  of  t h e  B i r k s  f o r m u la  t o  f i s s i o n  f r a g m e n t s
A com par ison  b e tw e en  t h e  r e s u l t s  o b t a i n e d  e x p e r i m e n t a l l y  f o r  t h e  t o t a l  
l i g h t  o u t p u t  a s  a  f u n c t i o n  o f  e n e rg y  f o r  a - p a r t i c l e s ,  and f o r  l i g h t  and heavy 
f i s s i o n  f r a g m e n t s ,  i n d i c a t e s  t h a t  t h e  same g e n e r a l  t r e n d  i s  o b s e r v e d .  The 
l i g h t  o u t p u t  i s  m o n o t o n i c a l l y  i n c r e a s i n g  w i t h  e n e r g y  i n  b o t h  c a s e s  o v e r  the
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e x p e r i m e n t a l l y .m ea su red  r a n g e .  The s t o p p i n g  power v a l u e s  c a l c u l a t e d  i n  
c h a p t e r  6 however  show a d i s t i n c t l y  d i f f e r e n t  t r e n d  f o r  the  two c a s e s  . For  
f i s s i o n  f r a g m e n t s  i n  t h e  r a n g e  10-90  MeV, t h e  s t o p p i n g  power dE/dx  i n c r e a s e s  
m o n o t o n i c a l l y  w i t h  e n e r g y ;  b u t  f o r  a - p a r t i c l e s  i n  t h e  r e g i o n  4 to  6 MeV t h e  
s t o p p i n g  power dE/dx  d e c r e a s e s  w i t h  i n c r e a s i n g  e n e r g y .  Thus i t  i s  e v i d e n t ,  
f rom t h i s  c o m p a r i s o n ,  t h a t  s i n c e  t h e  B i r k s  e q u a t i o n  i s  v a l i d  f o r  a - p a r t i c l e s  
over  the  measured r a n g e ,  i t  c a n n o t  p o s s i b l y  hoLd f o r  f i s s i o n  f r a g m e n t s  as  w e l l .
Th is  c o n c l u s i o n  i s  a l s o  c o n f i r m e d  by the  d i r e c t  measurem ent  o f  t h e  
r e l a t i v e  d L /d x ,  the  s p e c i f i c  l u m in e s c e n c e  f o r  t h e  TFD as  a f u n c t i o n  o f  e n e r g y .  
Using f i g u r e  6 .5  ( g i v i n g  the  c a l c u l a t e d  dE/dx  v a l u e s  as  a f u n c t i o n  o f  e n e r g y )  
and  f i g u r e  6 . 9  ( g i v i n g  t h e  c a l c u l a t e d  e f f e c t i v e  i o n i c  c h a r g e  as  a  f u n c t i o n  o f  
e n e r g y )  t o g e t h e r  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  o f  c h a p t e r  5 f o r  t h e  TFD r e s p o n s e ,  
t h e  s p e c i f i c  l u m i n e s c e n c e  dL/dx i s  o b t a i n e d  as  a f u n c t i o n  o f  E , V, d E / d x ,  
and f o r  b o t h  l i g h t  and heavy  f r a g m e n t s .  T a b le  7 . 2  g i v e s  t h e  r e s u l t s
o b t a i n e d .  F i g u r e  7 .1  shows a p l o t  o f  dL /dx  as  a  f u n c t i o n  o f  d E /dx .  I t  shows 
t h a t  dL/dx  i n c r e a s e s  r a p i d l y  f o r  l i g h t  f r a g m e n t s  as  t h e  s t o p p i n g  power i n c r e a s e s  
f rom 60 to  67 MeV/(mg/cm2) . Heavy f r a g m e n t s  show a s i m i l a r  b e h a v i o u r  a l t h o u g h  
th e  a b r u p t  i n c r e a s e  a p p e a r s  t o  come as  dE/dx  i n c r e a s e s  f rom 75 t o  85 MeV/(mg/ 
cm2) .  C l e a r l y  t h e s e  r e s u l t s  a r e  i n d i r e c t  c o n t r a d i c t i o n  w i t h  t h e  r e s u l t s  p r e d i c t e d  
by the  B i r k s  e q u a t i o n  ( e q u a t i o n  1 . 1 0 ) ,  t h a t  a t  h i g h  dE/dx ,  dL /dx  i s  c o n s t a n t .
I t  i s  w o r t h  n o t i n g  h e r e  t h a t  t h e  r e s u l t s  o f  t h i s  work r e g a r d i n g  t h e  v a r i a ­
t i o n  o f  dL/dx  w i t h  dE/dx  a r e  i n  b r o a d  a g re e m e n t  w i t h  t h e  r e s u l t s  o b t a i n e d  by 
Muga^5^  u s i n g  a c c e l e r a t e d  i o d i n e  and b romine  i o n s  ( s e e  f i g u r e  6 o f  R e f e r e n c e  5 4 ) .
F i g u r e  7 .2  compares the  e x p e r i m e n t a l  r e s u l t s  f o r  the  t o t a l  s c i n t i l l a t i o n  
o u t p u t  L(E) f o r  l i g h t  and heavy  f r a g m e n t s  i n  a n t h r a c e n e  w i t h  the  p r e d i c t i o n  o f  
the  B i r k s  f o r m u la  d e r i v e d  from e q u a t i o n  7 . 3  by  u s i n g  t h e  v a l u e s  o f  S and KB o f
TABLE 7 .2
R e l a t i o n s h i p  Between dL/dx ,  E, V, dE /dx  and C ££ f o r  L i g h t  and
Heavy, Fragmen ts  i n  P l a s t i c  S c i n t i l l a t o r  KL-EPS 9
A.. L i g h t  Fragm en ts  .dL/dx ^
(*) E v '
MeV
1 (*)| V1\
I cm/ns
•q l / ax 
( A r b i t r a r y  u n i t s )  
Channe ls
dE/dx  ( t )  
MeV/(mg/cm2)
_ ( t )  
e f  f
E l e c t r o n i c  c h a r g e s
92 .28 ! 1 .287
i 318 ± 5 73 .3 2 2 .7 0
87.40 | 1 .2 6 0 310 ± 5 73 .1 22 .2 3
81 .82 1 .225 288 ± 5 72 .6 21 .77
76.41 1 .1 7 8 266 ± 5 7 2 .0 21 .14
70 .88 1 .134 241 ± 5 71 .2 2 0 .5 3
60 .84 ! 1 .051
j
193 ± 8 68 .4 19 .3 3
56 .24 1 .011 172 ± 8 ; 66 .25 18 .7 3
40 .06
.......- . ..... ......
0 .8 6 5 103 ± 8 5 7 . 0 1 6 .4 0
B . , Heavy Fragmen ts  
E ( *> V
i
dL/dx  ^  
( A r b i t r a r y  u n i t s ) dE/dx
'
r  Ct)
e f  f
MeV cm/ns Channe l s MeV/(mg/cm2) E l e c t r o n i c  c h a r g e s
70.55- 0 .981 180 ± 5 79 .8 22 .86
66 .9 0 .955 152 ± 5 77.7 22 .37
6 1 .1 2  ; 0 .9 1 3 1 4 2 . ± 5 74 .2 21 .56
i
59 .9 4 0 .9 04 148 ± 5 73.5 21 .39
56 .3 9  ! 0 .8 7 7 130 ± 5 70 .7 20 .86
52 .66  !
I
0 .8 4 8 132 ± 5 6 7 .7 20 .2 8
5 1 .6 4
1
0 .839 123 ± 5 6 7 . 0 20 .10
1
44 .2 4  iI 0 .7 7 7 117 ± 5 60 .5  , 18 .82
38 .48  j
j
0 .725 88 ± 6 5 5 . 0 1 7 .7 2
25 .44 0 .5 89 53 ± 6 40 .5 14 .6 7
(*) Measured  i n  the  p r e s e n t  work ( s e e  c h a p t e r  5)
( f )  C a l c u l a t e d  from a v a i l a b l e  t h e o r i e s  ( s e e  c h a p t e r  6)
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5 0 / ^ / c m 2 Thick.
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H.E
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STOPPING POWER d E / d x  MeV/fmg/cm1)
7.1  The s p e c i f i c  lum in e s c e n c e  i n  a r b i t r a r y  u n i t s  ( c h a n n e l
number) as a f u n c t i o n  o f  the  s t o p p i n g  power f o r  l i g h t
and heavy  f r a g m e n t s  i n  p l a s t i c  EPS 9.
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t a b l e  7 . 1 .  I t  can be s e e n  t h a t  t h e  B i r k s  f o rm u la  p r e d i c t i o n  f o r  die t o t a l  
l i g h t  o u t p u t  f o r  l i g h t  f r a g m e n t s  i s  a b o u t  h a l f  t h a t  o b t a i n e d  e x p e r i m e n t a l l y  
a t  a b o u t  90 MeV.
A n o th e r  e x p r e s s i o n ,  s i m i l a r  to  B i r k s ,  was p r o p o s e d  f o r  dL/dx  by W r i g h t ^ 55)
dL A. . , L dE
2B e j  +  2B t o 7 .1 0
where A, B a r e  c o n s t a n t s  of  the  m a t e r i a l .  U n l ike  t h e  e x p r e s s i o n  f o r  dL/dx 
p r o p o s e d  by  B i r k s  where  dL /dx i n c r e a s e s  a s y m p t o t i c a l l y  to  a  c o n s t a n t  v a l u e ,  
W r i g h t ’ s e q u a t i o n  p r e d i c t s  a c o n t i n u o u s l y  i n c r e a s i n g  dL/dx  w i t h  dE /dx .  As 
W righ t  has  shown(55) h i s  e q u a t i o n  r ed u c e s  to  the B i r k s  e q u a t i o n  f o r  s m a l l  
dE /dx .  Th is  e x p r e s s i o n  f i t t e d  t h e  e x p e r i m e n t a l  d a t a  f o r  t h e  v a r i a t i o n  o f  the  
l i g h t  o u t p u t  a s  a  f u n c t i o n  o f  e n e r g y  f o r  p r o t o n s  (0 -1 0  MeV), d e u t e r o n s  (0 -1 2  
MeV) and a - p a r t i c l e s  (0 -15 MeV) b u t  was shown' to  b r e a k  down i n  t h e  c a s e  of  
h i g h l y  i o n i s i n g  r a d i a t i o n s ( 56) . I t  p r e d i c t s ,  i n  t h e  c a s e  o f  f i s s i o n  f r a g m e n t s ,  
t h a t  dL /dx  i s  i n d e p e n d e n t  o f  mass i n  c o n t r a d i c t i o n  w i t h  t h e  r e s u l t s  o f  f i g u r e  
7 . 1 .  A l th o u g h  t h e  e q u a t i o n  p r e d i c t s  an i n c r e a s i n g  dL/dx  w i t h  d E / d x ,  t h e  i n c r e a s e  
p r e d i c t e d  i s  much s m a l l e r  t h a n  the  i n c r e a s e  o b s e r v e d .
7 .2  Prompt and Delayed  S c i n t i l l a t i o n
The e x p r e s s i o n s  p r o p o s e d  by B i r k s  and W r ig h t  f a i l  to  t a k e  i n t o  a c c o u n t  
t h e  e x i s t e n c e  o f  two components  o f  t h e  s c i n t i l l a t i o n ,  t h e  ’p r o m p t 1 and  ’ d e l a y e d ’ 
component s ,  which  have  d i f f e r e n t  p h y s i c a l  o r i g i n s ^ 30) .
The ’p r o m p t ’ s c i n t i l l a t i o n  comes from t h e  d e - e x c i t a t i o n  o f  m o l e c u l e s  
e x c i t e d  to  t h e  f i r s t  s i n g l e t  s t a t e  S I ,  formed by v e r y  r a p i d  n o n - r a d i a t i v e  
p r o c e s s e s  ( e . g .  i n t e r n a l  c o n v e r s i o n ,  r e c o m b i n a t i o n  o f  i o n s  e t c . )  f rom the  
p r im a r y  s t a t e s  o f  e x c i t a t i o n  and i o n i s a t i o n  c r e a t e d  by  t h e  c h a rg e d  p a r t i c l e s (^ 0 ) •  
t h i s  ’p r o m p t ’ s c i n t i l l a t i o n  de c ays  e x p o n e n t i a l l y  and i t s  decay  i s  i d e n t i c a l  to
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t h a t  o f  f l u o r e s c e n c e  w i t h  a decay  t ime c o n s t a n t  o f  o r d e r  1 -3  n s .
The second  ’d e l a y e d ’ component  (x -  40-300 ns )  i s  due t o  s i n g l e t  l e v e l s  
S I ,  p o p u l a t e d  by t r a n s f e r s  f rom h i g h e r  l y i n g  s t a t e  by b i m o l e c u l a r  i n t e r a c t i o n s  
of t r i p l e t  s t a t e s  (T ) in  r e g i o n s  of  h ig h  a c t i v a t i o n ,  such as  the t r a c k s  o f  
the  p r im a ry  and s e c o n d a r y  p a r t i c l e s .  In  t h i s  c a s e  the  o v e r a l l  de cay  t ime i s  
l o n g e r  than  f o r  the  prom pt  s i g n a l  and f o l l o w s  a n o n - e x p o n e n t i a l  l aw which  has  
been  s t u d i e d  i n  d e t a i l  by v a r i o u s  a u t h o r s ( ^ 7) .
Lopes Da S i l v a  and V o l t z ^ 3®) c o n s i d e r e d  t h e  s p e c i f i c  l u m i n e s c e n c e  dL/dx  
to  be t h e  sum of  t h e  two components ,  p rom pt  and  d e l a y e d
dL = dL 
dx dx
>
1 dL'
n dx
7.11
A d i s t i n c t i o n  was made be tween  th o se  s t a t e s  of  m o l e c u l a r  e x c i t a t i o n  
p ro d u ce d  i n  the  p r im a r y  t r a c k  o f  the  p a r t i c l e  and th o se  c r e a t e d  by 6 - r a y s  
( s e c o n d a r y  e n e r g e t i c  e l e c t r o n s ) .  Very f a s t  c h a r g e d  p a r t i c l e s  and 6 - r a y s  
p roduce  m a in ly  r e g i o n s  o f  low c o n c e n t r a t i o n  o f  a c t i v a t e d  s p e c i e s  w h i l e  s low 
i o n s  and s low s e c o n d a r y  e l e c t r o n s  p ro d u ce  a h i g h  c o n c e n t r a t i o n  r e g i o n  i n s i d e  a 
c y l i n d r i c a l  zone a round  th e  p a r t i c l e  t r a c k ( 57g ) . High c o n c e n t r a t i o n s  o f  
e x c i t e d  s p e c i e s  a r e  a l s o  c r e a t e d  l o c a l l y  a lo n g  t h e  t r a c k s  o f  6 - r a y s .  The 
d i f f e r e n c e  i n  b e tw e en  d i f f e r e n t  k i n d s  o f  p a r t i c l e s  i s  e x p l a i n e d ,  a c c o r d i n g  
to t h i s  t h e o r y  by th e  d i f f e r e n t  d e g r e e s  o f  i n t e r a c t i o n  be tw een  n e i g h b o u r i n g  
a c t i v a t o r  c e n t r e s .  Lopes Da S i l v a  and V o l t z ( 30) g iv e  two d i f f e r e n t  e x p r e s s i o n s  
f o r  the  ' p r o m p t '  and ’d e l a y e d ’ s i g n a l s .  For  a  ’p r o m p t ’ s i g n a l  t h e y  p r o p o s e  t h e  
e q u a t i o n  !
dL
dx -  B (1 -  F ) ~  s v s dx + F — -)■ 7 .1 2s dx
where Bg i s  a  c o n s t a n t ,  c h a r a c t e r i s t i c  o f  the  p r o c e s s  of  l o w e r i n g  o f  t h e  e n e r g y
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o f  the  s i n g l e t  s t a t e s  i n  the  p a r t i c l e  t r a c k s  and c i s  a n o r m a l i s i n g  c o n s t a n t ;
r e p r e s e n t s ,  i n  e f f e c t ,  t h e  p r o p o r t i o n  o f  t h e  e n e rg y  o f  t h e  p a r t i c l e  l o s t  i n  
p r o d u c i n g  6 - r a y s  of  s u f f i c i e n t  e n e rg y  to  l e a v e  the  p a r t i c l e  t r a c k .  I n  the  
same way f o r  a ' d e l a y e d ’ s i g n a l
where B c h a r a c t e r i s e s  t h e  phenomenon of  l o w e r i n g  o f  the  t r i p l e t  s t a t e s  i n  the  
t r a c k  and  c '  i s  a n o t h e r  s c a l i n g  c o n s t a n t .  $ ~  and  ^  d e s i g n a t e  the
e n e r g i e s  p e r  u n i t  t r a c k  l e n g t h ,  o f  i n c i d e n t  p a r t i c l e ,  d i s s i p a t e d  i n  t h e  
r e g i o n s  o f  h i g h e s t  d e n s i t y  o f  e x c i t a t i o n ,  by  t h e  p r i m a r y  p a r t i c l e  and t h e  6-  
r a y s  r e s p e c t i v e l y .
I t  i s  w or th  n o t i n g  t h a t  w h i l e  the B i rk s  e q u a t i o n  makes no m en t io n  o f  t h e
e f f e c t i v e  c h a r g e  d i r e c t l y  i n f l u e n c i n g  d L /d x ,  i n  t h e  e x p r e s s i o n s  above  ( e q u a t i o n s
2_
7 .1 2  and 7 . 1 3 ) ,  F , <f> , and <f> a r e  a l l  d e p e n d e n t  on £ - . . / ( d E /d x )  and  a r e  i n d e p e n -
S I  2  ©. i t
d e n t  o f  t h e  p a r t i c l e  mass .  T h u s , i n  a c c o r d a n c e  w i t h  t h e s e  e q u a t i o n s ,  p a r t i c l e s  
w i t h  e q u a l  ?e ££ and e q u a l  dE/dx  b u t  d i f f e r e n t  mass may p r o d u c e  th e  same d L /dx .
The r e l a t i o n s  above a l s o  p r e d i c t  t h a t  f o r  a  g i v e n  v a l u e  o f  dE /dx  t h e  m os t  
h e a v i l y  c h a rg e d  p a r t i c l e  c a u s e s  t h e  h i g h e s t  s p e c i f i c  l u m i n e s c e n c e  dL/dx .
Lopes Da S i l v a  and V o l t z ^ 30) f i t t e d  t h e i r  e x p e r i m e n t a l  v a l u e s  o f  dL /dx  
f o r  p r o t o n s ,  d e u t e r o n s  and n i t r o g e n  ions  w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n s  above 
and found them i n  a g re e m e n t  ( s e e  f i g u r e  7 . 3 ) .  The p r e d i c t i o n  o f  t h e  t h e o r y ,  t h a t  
dL/dx  i n c r e a s e s  a t  f i r s t  w i t h  d E / d x ,  p a s s e s  t h r o u g h  a  maximum and t h e n  d e c r e a s e s  
a p p e a r s  to be  c o n f i r m e d  by  e x p e r i m e n t a l  e v i d e n c e .
2Fg i s  a f u n c t i o n  o f  the  q u a n t i t y  ^ ^ / ( d E / d x )  where C0 ££ i s  the  e f f e c t i v e  cha rge  
number and dE/dx  the  s t o p p i n g  power o f  the  p a r t i c l e  i n  t h e  s c i n t i l l a t o r .  Fg
+ cp dE 2 dx 7 .13
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N i t r o g e n  i o nO N i t r o g e n  i ons  
o  d e u t e r o n s  
A p r o t o n s_i
d e u t e r o n s
p r o t o n s
dE -1.M e V • mg *cm
2.
F i g u r e  7 .3  The v a r i a t i o n  o f  dL/dx  w i t h  dE/dx f o r  p r o t o n s  ( 0 . 3 - 4  MeV),
d e u t e r o n s  ( 0 . 3 - 1  MeV) and n i t r o g e n  i o n s  (10 -80  MeV) i n  p l a s t i c .  
The l i n e s  a r e  t h e  p r e d i c t i o n  o f  e q u a t i o n  7 .1 1  ( f rom  Lopes da 
S i l v a  and V o l t z ^ 30) ) .
-  167 -
Th i s  t h e o r y ,  however  i s  i n  d i r e c t  c o n t r a d i c t i o n  w i t h  t h e  e x p e r i m e n t a l  
r e s u l t s  o b t a i n e d  h e r e  f o r  t h e  dL /dx o f  f i s s i o n  f r a g m e n t s  i n  t h e  p l a s t i c  s c i n t i ­
l l a t o r  EPS 9.
C o n s i d e r i n g  f o r  example a c a s e  where b o t h  l i g h t  and heavy  f r a g m e n t s  have  
the  same s t o p p i n g  power ( s a y  70 MeV/(mg/cm2) and t h i s  o c c u r s  f o r  KL-EPS 9 
a t  E^ = 66 MeV and E^= 5 5 .5  MeV (from f i g u r e  6 . 5 )  t h e  e f f e c t i v e  c h a rg e  numbers  
( f rom f i g u r e  6 . 9 )  a r e  22 and 20 f o r  heavy  and l i g h t  f r a g m e n t s  r e s p e c t i v e l y .
The p r e d i c t i o n  o f  t h i s  t h e o r y  i s  t h a t  t h e  heavy  f r a g m e n t s ,  b e i n g  t h e  mos t  
h i g h l y  c h a rg e d  p a r t i c l e s  w i l l  have  t h e  g r e a t e r  dL/dx  f o r  t h e  same dE/dx  v a l u e  
(70 MeV/(mg/cm2) i n  t h i s  c a s e ) .  F i g u r e  7 .1  however  shows the  r e v e r s e  t:o be 
t r u e ^ a s  a t  t h e  q u o t e d  dE/dx v a l u e  t h e  l i g h t  f r a g m e n t s  have  dL/dx  a l m o s t  a  f a c t o r  
of  2 g r e a t e r  t h a n  t h e  c o r r e s p o n d i n g  heavy  f r a g m e n t s .  C o n s i d e r i n g ,  a l s o ,  a c a s e  
where l i g h t  and heavy f r a g m e n t s  have  t h e  same c h a rg e  number and s t o p p i n g  power 
( s e e  f i g u r e  7 . 4 ) ,  which o c c u r s  a t  dE /dx  -  74 MeV/(mg/cm2) f o r  KL-EPS 9,  the  
p r e d i c t i o n  o f  t h i s  t h e o r y  i s  t h a t  dL /dx would be t h e  same ( i n d e p e n d e n t  o f  m a s s ) . 
Th is  i s  c l e a r l y  n o t  t h e  c a s e ,  as  the  l i g h t  f r a g m e n t s  have  a  much h i g h e r  dL/dx  
a t  t h i s  s t o p p i n g  power t h a n  heavy  f r a g m e n t s  ( s e e  f i g u r e  7 . 1 ) .
The p r e d i c t i o n  o f  e q u a t i o n s  7 .12  and 7 .1 3  o f  an i n c r e a s i n g  dL/dx w i t h  
dE/dx p a s s i n g  th ro u g h  a maximum and th e n  d e c r e a s i n g  f o r  h i g h e r  dE/dx  i s  a l s o  
i n  d i s a g r e e m e n t  w i t h  t h e  r e s u l t s  of  t h e  p r e s e n t  work.
7 .3  O the r  T h e o r i e s  f o r  t h e  S p e c i f i c  Luminescence
In  a d d i t i o n  to  t h e  a t t e m p t s  to  c a l c u l a t e  t h e  s p e c i f i c  l u m i n e s c e n c e  t h e o ­
r e t i c a l l y  m en t io n e d  a l r e a d y ,  o t h e r  a u t h o r s  a l s o  t r i e d  w i t h  l i m i t e d  s u c c e s s  to  
r e l a t e  dL/dx or  dL/dE to  t h e  s p e c i f i c  e n e r g y  l o s s  dE /dx .
Murray and M a yer (58) c a l c u l a t e d  t h e  s c i n t i l l a t i o n  e f f i c i e n c y  dL/dE f o r  
N a l (T l )  by assuming  t h a t  dL/dx  i s  p r o p o r t i o n a l  to  the sum of  the  e n e r g y  d e p o s i t e d
-  1 6 8  -
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by the  i o n s  i n  a f i x e d  column o f  r a d i u s  400 A, a b o u t  t h e  p a t h  o f  t h e  i o n  and 
the  e n e rg y  d e p o s i t e d  by t h e  s e c o n d a r y  e l e c t r o n s  ( 6 - r a y s )  which  e s c a p e  t h i s  
column. Th is  model  however  o n l y  p a r t i a l l y  e x p l a i n s  t h e  e x p e r im e n ta l  d a t a  f o r  
160 due to  Newman and S t e i g e r t ^ 53) .
The 1 t r a c k - e f f e c t ' t h e o r y  o f  s c i n t i l l a t i o n  p r o d u c t i o n  due t o  L u n t z  and 
H e l m f i e l d ^ 5 0 »6 ^  u t i l  i z e s  t h e  a s s u m p t io n  t h a t  a p a r t i c l e  t r a c k  th r o u g h  a 
c r y s t a l  such  as  N a l ( T l )  i s  p a r t i t i o n e d  a c c o r d i n g  to  some c r i t i c a l  e n e rg y  
d e p o s i t i o n  d e n s i t y ,  i n t o  an i n n e r  c y l i n d e r  o f  h i g h  and an  o u t e r  c y l i n d e r  o f  low 
e n e rg y  d e p o s i t i o n  d e n s i t y  a ro u n d  t h e  i o n s  t r a c k ,  and t h a t  the  s c i n t i l l a t i o n  
e f f i c i e n c y  due to  c h a r g e d  p a r t i c l e s  i s  l i n e a r l y  r e l a t e d  t o  t h e  e n e r g y  depo­
s i t i o n  d e n s i t y .  I t  was f u r t h e r  assumed t h a t  t h e  l u m in e s c e n c e  from t h e  i n n e r  
c y l i n d e r s  was s m a l l  compared to  t h e  l u m in e s c e n c e  from t h e  o u t e r  c y l i n d e r .
Muga and G r i f f i t h ( 6 ^) and l a t e r  Muga and  D i k s i c C 63) f o l l o w e d  a  s i m i l a r  
l i n e  by c a l c u l a t i n g  th e  d e n s i t y  o f  s c a t t e r e d  e l e c t r o n s  as  a  f u n c t i o n  o f  the  
r a d i a l  d i s t a n c e  from t h e  t r a c k .  They s u b s e q u e n t l y  assumed t h a t  t h e r e  o c c u r s  
a c r i t i c a l  e l e c t r o n  d e n s i t y  above which a l l  t he  lu m in esc e n c e  c e n t r e s  a r e
e x c i t e d  and be low which  t h e  l u m in e s c e n c e  i s  p r o p o r t i o n a l  to  t h e  e l e c t r o n
d e n s i t y .  A c c o r d in g  to  t h i s  model  t h e  heavy i o n  p a s s i n g  t h r o u g h  t h e  s c i n t i l l a t o r
p r o d u c e s  l u m in e s c e n c e  t h r o u g h  th e  agency  o f  s c a t t e r e d  e l e c t r o n s  ( 6 - r a y s ) ,  i . e .
p r o d u c t i o n  o f  l i g h t  by d i r e c t  i n t e r a c t i o n  o f  the  heavy  i o n  i s  n e g l i g i b l e .  Th is  
d e s c r i p t i o n  has  b e e n  r e f e r r e d  t o  as  t h e ’ b r i s t l e - b r u s h ' p i c t u r e ,  f o r  wh ich  t h e  
w i r e  c o re  r e p r e s e n t s  t h e  u n d e v i a t e d  heavy  i o n  t r a j e c t o r y  and t h e  b r i s t l e s  t h e  
e l e c t r o n  p a t h s  s c a t t e r e d  r a d i a l l y  ou twards  and i n  t h e  f o r w a r d  d i r e c t i o n .
I f  t h e  c y l i n d e r  r a d i u s  i n s i d e  which s a t u r a t i o n  o c c u r s  i s  r  t h e n  t h e
S  c l  L
l u m in e s c e n c e  p e r  u n i t  p a t h  l e n g t h  r e s u l t i n g  f rom e l e c t r o n s  o u t s i d e  t h a t  r a d i u s  
i s  e q u a l  to
where
where 
Thus
where
Muga found  t h i s  e q u a t i o n  to  b e . i n  a g re e m e n t  w i t h  t h e  e x p e r i m e n t a l l y
o b t a i n e d  v a l u e s  f o r  4He, 160 ,  38C1, ^ A r ,  79Br and 127I  i n . t h e  p l a s t i c
s c i n t i l l a t o r  NE 102 f o r  a v a lu e  o f  p = 3 x 1 0 ^  e l e c t r o n s / c m 3 ( s e c  f i g u r e
17 o f  R e f e r e n c e  6 2 ) .  The r e l a t i o n s  b e tw een  p and  r  f o r  v a r i o u s  p a r t i c l e s
a t  v a r i o u s  e n e r g i e s  a r e  g i v e n  i n  R e f e re n c e  62 .  The v a l u e  o f  r  the  s a t u -s a t
r a t i o n  r a d i u s  o f  t h e  c y l i n d e r  depends  on t h e  v e l o c i t y  and th e  mass o f  t h e  
i o n .  I n  the  c a s e  of  127l  f o r  example r  v a r i e s  b e tw e en  50 A and  100 A f o r
S3, l
e n e r g i e s  b e tw e en  30 and 100 MeV ( f o r  Pc = 3 x 1 0 11 e l e c t r o n s / c m 3) .
One i m p o r t a n t  o b s e r v a t i o n  made by Muga(82) i s  t h a t  t h e  v a r i a t i o n  i n  the
TFD r e s p o n s e  f o l l o w s  a v a r i a t i o n  s i m i l a r  t o  t h a t  o f  t h e  e f f e c t i v e  c h a r g e .  He 
f u r t h e r  conc luded  t h a t  t h e  i o n  v e l o c i t y  and the  e f f e c t i v e  i o n  c h a rg e  ( t h e  
c h a rg e  b e i n g  v e l o c i t y  d e p e n d en t )  a r e  the  e l e m e n t a r y  v a r i a b l e s  a f f e c t i n g  t h i s
p ( r )  i s  the  e l e c t r o n  d e n s i t y  and
r  i s  t h e  p e r p e n d i c u l a r  d i s t a n c e  from t h e  t r a c k ,  and
C = n a , n  b e i n g  th e  number d e n s i t y  o f  s c i n t i l l a t o r  s i t e s  and 
a t h e  c r o s s - s e c t i o n  f o r  l i g h t  p r o d u c t i o n .
The c o n t r i b u t i o n  f rom i n s i d e  t h e  c y l i n d e r  i s  g iv e n  by
\  "  C (* r s a t  p c> 7 - 15
p i s  t h e  s a t u r a t i o n  d e n s i t y ,  c
the  t o t a l  s p e c i f i c  l u m in e s c e n c e  i s  g i v e n  by
—  = C U  r 2 p + I ]  7 .16Ax s a t  c s
C i s  a  c o n s t a n t  and I  = I / C .s 1
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r e s p o n s e .  I t  would a p p e a r  t h e r e f o r e  t h a t  t h e  s p e c i f i c  e n e r g y  l o s s  a l o n e ,  
i s  an i n a p p r o p r i a t e  p a r a m e t e r  f o r  c h a r a c t e r i s i n g  i n  s im ple  terms the  
s p e c i f i c  l u m i n e s c e n c e  r e s p o n s e .  I t  i s  more l i k e l y  t h a t  dL/dx  i s  a  f u n c t i o n  
f ( Ce f f » dE/dx)  and t h i s  e m p h a s i s e s ,  y e t  a g a i n ,  t h e  need  f o r  a c c u r a t e  e x p e ­
r i m e n t a l  v a l u e s  f o r . C ^ f f  and dE'/dx f o r  heavy  i o n s  ( f i s s i o n  f r a g m e n t s )  i n  
the  v a r i o u s  s c i n t i l l a t o r s ,  i f  a r e a l i s t i c  c o r r e l a t i o n  b e tw een  th e  s p e c i f i c  
lu m in e s c e n c e  and t h e s e  q u a n t i t i e s  i s  t o  be f o und .
7 . 4  Hie V a r i a b l e  T r a c k - r a d i u s  Theory
A new t h e o r y  has  b e e n  d e v e lo p e d  i n  an  a t t e m p t  to  e x p l a i n  the  o b s e rv e d  
v a l u e s  f o r  t h e  t o t a l  l i g h t  o u t p u t  L(E) f o r  the  v a r i o u s  s c i n t i l l a t o r s .
The b r i s t l e - b r u s h  model  i s  assumed where  t h e  w i r e  c o re  r e p r e s e n t s  t h e  
i o n  t r a c k  and the  b r i s t l e s  a r e  the  p a t h s  of  the  5 - r a y s .  I t  i s  a l s o  assumed 
t h a t  a l l  t h e  s c i n t i l l a t i o n  i s  p r o d u c e d  by t h e  6 - ra y s ' ,  t h e  l i g h t  p r o d u c e d  by 
d i r e c t  i n t e r a c t i o n s  o f  t h e  heavy  i o n s  w i t h  the  s c i n t i l l a t o r  a toms b e i n g  n e g l i ­
g i b l y  s m a l l .  I t  i s  f u r t h e r  assumed t h a t  the  c o n t r i b u t i o n  t o  t h e  p r o d u c t i o n  
o f  l i g h t  f rom 5- r a y s  i n  and a round  th e  t r a c k ,  up t o  a c e r t a i n  d i s t a n c e  from 
the i o n  p a t h  i s  z e r o .  Th is  means t h a t  t h e r e  e x i s t s  a  ’ d a rk  r e g i o n ’ i n  t h e  
v i c i n i t y  of  t h e  t r a c k  from where  no l i g h t  emerges  e i t h e r  b e c a u s e  o f  s e l f ­
a b s o r p t i o n  o r  due t o  t h e  d e s t r u c t i o n  o f  the  s c i n t i l l a t o r  c e n t r e s  by t h e  heavy  
i o n .  The r a d i u s  o f  t h e  d a r k  c y l i n d e r  depends  on t h e  e n e r g y  of  t h e  i o n ,  as  
more e n e r g e t i c  i o n s  a r e  l i k e l y  to  c a u se  more damage.  Thus t h e  r e s p o n s e  o f  t h e  
s c i n t i l l a t o r s  to  heavy  i o n s  i s  e x p l a i n e d  i n  te rms  o f  the  v a r y i n g  r a d i u s  o f  the  
da rk  c y l i n d e r .  Hie s t o p p i n g  power dependence  i s ' e x p l a i n c d  in terms o f  t h e  v a r y i n g  
amounts o f  e n e rg y  d e p o s i t e d  p e r  u n i t  l e n g t h  t h a t  g i v e  r i s e  t o  6 - r a y s .  The 
i n f l u e n c e  o f  t h e  e f f e c t i v e  c h a rg e  on t h e  s p e c i f i c  l u m i n e s c e n c e  i s  a t t r i b u t e d
' r\
to  t h e  f a c t  t h a t  t h e  number and e n e r g y  d i s t r i b u t i o n  o f  6 - r a y s  depend  on Ce £ f
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I n  t h e  s u c c e d i n g  s e c t i o n s  t h e  L(E) d a t a  a r e  usfed to  o b t a i n  t h e  dL/dE 
as a f u n c t i o n  o f  E t o g e t h e r  w i t h  the  v a l u e s  c a l c u l a t e d  i n  c h a p t e r  6 f o r  dE/dx 
and Ce ££ and  by means o f  t h e  t h e o r y  o u t l i n e d  above the  v a r i a t i o n  i n  t h e  ’d a rk  
c y l i n d e r ’ i s  found  as  a f r a c t i o n  o f  e n e r g y  and d i s t a n c e  t r a v e l l e d  i n s i d e  the  
s c i n t i l l a t o r .
7 . 4 . 1  The p h y s i c s  o f  6 - r a y s
A heavy  i o n  o f  v e l o c i t y  v  p a s s i n g  t h r o u g h  a  s c i n t i l l a t o r  p r o d u c e s  6 - r a y s  
whose e n e rg y  d i s t r i b u t i o n  a t  f o r m a t i o n  i s  g i v e n  b y ( 6tf)
dn _ 2-tt N Z 1
dT" M T*e
i s  t h e  number o f  6 - r a y s  p r o d u c e d  i n  u n i t  p a t h  l e n g t h  6x,  w i t h  k i n e t i c  
e n e r g y  i n  I lie r e g i o n  T a m i  T • dT
N i s  the  number d e n s i t y  o f  t h e  m a t e r i a l ,  i . e .  t h e  number o f  m o l e c u l e s  p e r  cm3
C i s  t h e  e f f e c t i v e  c h a rg e  of  t h e  incom ing  p a r t i c l e
M i s  the  mass o f  the  e l e c t r o ne
v  i s  the  v e l o c i t y  o f  t h e  incom ing  p a r t i c l e
To s i m p l i f y  m a t t e r s  we may w r i t e  e q u a t i o n  7 .1 7  as
= K —  7.18
dT T2
where
K '_ 2tt N Z C2e^ ?>19
M v 2
K depends  b o t h  on th e  incom ing  p a r t i c l e  p a r a m e t e r s  (v2 , C2) and th e  
s t o p p i n g  m a t e r i a l  (N ,Z) .  From d e f i n i t i o n  o f  we know t h a t  t h e  t o t a l  
e n e rg y  g i v e n  t o  6 - r a y s  i n  t h e  e n e r g y  i n t e r v a l  dT i s
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K
T 7 .2 0
7 . 4 . 2  T r a n s m i s s i o n  and a b s o r p t i o n  o f  e l e c t rons
The e n e r g y  d i s t r i b u t i o n  o f  t h e  6 - r a y s  a t  f o r m a t i o n  i s  g i v e n  above .  As 
t h e  6 - r a y s  t r a v e l  t h ro u g h  the  m a t e r i a l  t h e  d i s t r i b u t i o n  a l t e r s  as  the  l e a s t  
e n e r g e t i c  e l e c t r o n s  have  a h i g h e r  p r o b a b i l i t y  o f  b e i n g  a b s o r b e d  a t  a  c e r t a i n  
d i s t a n c e  from t h e i r  o r i g i n .
B.N. Subba Rao^65  ^ h a s  s u g g e s t e d  a  s e m i - e m p i r i c a l  f o rm u la  o f  t h e  F e r m i -  
f u n c t i o n  type  which  gave a good f i t  to  t h e  a v a i l a b l e  t r a n s m i s s i o n  and a b s o r p t i o n  
c u rv e s  o f  e l e c t r o n s  i n  s o l i d s .  The p e r c e n t a g e  o f  6 - r a y s  s u r v i v i n g  a d i s t a n c e  
S from the  p o i n t  o f  g e n e r a t i o n  i s  g iv e n  by
where R i s  t h e  maximum p e r p e n d i c u l a r  d i s t a n c e  from th e  i o n  t r a c k  t h a t  t h e
where Z i s  t h e  e f f e c t i v e  Z number o f  the  m a t e r i a l  and Z/A th e  e f f e c t i v e  Z/A
number.  Fo r  a  h y d r o c a r b o n  o f  the  type  C H . t h e  e f f e c t i v e  Z and Z/A a r en m
g iv en  by
1+e g^hP(T)
g ( |  “ b)
7 .21
1+e
e l e c t r o n s  may r e a c h  and g ,  h a r e  c o n s t a n t s  o f  t h e  m a t e r i a l  g i v e n  b y ( 65)
g = 9 . 2  Z° -2 + 16 Z“ 2 -2 7 .22
h = 0 .6 3 7 .2 3
nx!2x6  + m x lx l  
n x l 2  + mxl 7 . 2 4 ( a )
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Z mxl2x0.5  + m xlx l  _ N
A = -----^ 2 “ 'mx"l------ 7 ‘ 24(b)
s i n c e  f o r  c a rb o n  Z = 6 ,  A = 12 and Z/A = 0 .5  and  f o r  hyd ro g en  Z = 1,  A = 1 
and Z/A = 1.
The p e n e t r a t i o n - f a c t o r  f o r  e l e c t r o n s  i n  a n t h r a c e n e  i s  shown as  a f u n c t i o n  
o f  S/R i n  f i g u r e  7 . 5 .  .
To o r d e r  to f i n d  B and R in terms of  T, the* e l e c t r o n  e n e r g y ,  t h e  b a s i c  
r a n g e - e n e r g y  r e l a t i o n s h i p  f o r  t h e  e l e c t r o n s  i n  t h e  m a t e r i a l  i s  u s e d  t o g e t h e r  
w i t h  t h e  c l a s s i c a l  e q u a t i o n s  f o r  e l a s t i c  c o l l i s i o n s .  The r a n g e - e n e r g y  e q u a ­
t i o n  f o r  low e n e rg y  e l e c t r o n s  i n  s o l i d s  i s  g i v e n  by  t h e  e q u a t i o n ^ 6 6 )
S = a T^ 7 .25  i ■
For  a p l a s t i c  s c i n t i l l a t o r  t h e  r e l a t i o n  i s
S = 1017 .5  T1 -42 7 . 2 5 ( a )
O
wiiere S is  in A and T in KeV.
The e n e rg y  g i v e n  t o  an e l e c t r o n  mass M by an incoming  p a r t i c l e  mass M ,
£ P
e n e rg y  E i s  g i v e n  by  
M
T = 4 r^- E c o s 2 0 7 .26M p 
P
where 0 i s  the  a n g le  a t  which  the  e l e c t r o n  i s  e j e c t e d  from t h e  o r i g i n a l  d i r e c t i o n  
of  m o t io n  o f  t h e  p a r t i c l e .
F i g u r e  7 .6  shows t h e  e n v e lo p e  o f  t h e  e l e c t r o n  r a n g e s ,  g e n e r a t e d  a t  the  
o r i g i n  by l i g h t  f r a g m e n t s  o f  e n e rg y  106 .4 MeV. To d e r i v e  t h e  t h r e e  d i m e n t i o n a l  
e n v e lo p e  t h e  cu rve  i s  r o t a t e d  a b o u t  t h e  x - a x i s  by 360°.
P
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E L E C T R O N S
A N T H R A C E N E
M  .0
D I S T A N C E  /  R A N  GE S / R
F i g u r e  7 .5  The p e n e t r a t i o n  f a c t o r  P(T)  f o r  e l e c t r o n s  i n  a n t h r a c e n e  
( c a l c u l a t e d  from e q u a t i o n  7 . 2 1 ) .  The r a n g e  i s  i n  f a c t  
the  p e r p e n d i c u l a r  d i s t a n c e  from th e  end o f  the  <S-ray 
t r a c k  t o  t h e  p a r t i c l e  p a t h .
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In  o r d e r  t o  f i n d  R t h e  maximum p e r p e n d i c u l a r  d i s t a n c e  from t h e  io n  
t r a c k  we must  f i n d  th e  maximum v a l u e  o f  where
S = S s i n  6 7 .27
S u b s t i t u t i n g  S from e q u a t i o n  7 . 2 5 ( a )  we o b t a i n
S = 1017 .5  T1 ^ 2 s i n  0 7 .28
1
S u b s t i t u t i n g  f u r t h e r  f o r  T from e q u a t i o n  7.26  we o b t a i n
ME > 1 -k2o  r*k
S = 1017.5 4 _e pM 
P '
( cos  0 ) 2,8lfs i n  0 7 .29
R i s  g i v e n  by m ax im is in g  S^.  The maximum v a l u e  o f  S^ o c c u r s  when (cos  0 ) 2 *8£f 
x s i n  0 i s  maximum arid t h i s  o c c u r s  a t  0 = 3 0 ° 4 1 ! ( s e e  f i g u r e  7 .6 )  . R i s  t h e r e ­
f o r e  g i v e n  by ’
R = 3 4 9 . 3 (T ) 1 .42 7 30
v max'
Mcwhere T = 4 —  E . max M p 
P
7 . 4 . 3  The s c i n t i l l a t i o n  e f f i c i e n c y
The e n e rg y  p e r  u n i t  p a t h  l e n g t h  t h a t  6 - r a y s  d e p o s i t  i n  t h e  s t o p p i n g  
m a t e r i a l  i s  g i v e n  by
'dE_]
Tmax
6 o
T ^ | p ( T ) d T  7.31
by u s i n g  e q u a t i o n  7 .2 0
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I n  our  t h e o r y  we assumed t h a t  t h e r e  e x i s t s  a  d a rk  r e g i o n ,  s u r r o u n d i n g  
t h e  i o n  p a t h ,  f rom which  no l i g h t . i s  e m i t t e d , ,  I f  we assume t h a t  t h e  r e g i o n
c y l i n d e r  a t  a c e r t a i n  p o s i t i o n  a l o n g  th e  io n  p a t h  i n s i d e  t h e  s c i n t i l l a t o r ,
The e n e r g y  p e r  u n i t  p a t h  l e n g t h  g i v e n  to  t h e  ’l i g h t  p r o d u c i n g ’ 6 - r a y s  
w i l l  t h e r e f o r e  be
The l i g h t  o u t p u t  p e r  u n i t  e n e r g y  ( o r  t h e  s c i n t i l l a t i o n  e f f i c i e n c y )  f o r  
e l e c t r o n s  i n  v a r i o u s  s c i n t i l l a t o r s  i s  w e l l  known and t h e  r e l a t i v e  v a l u e s  
a p p l i c a b l e  to  t h e  p r e s e n t  e x p e r i m e n t a l  s e t  up a r e  g i v e n  i n  t a b l e  7 . 1  a s  t h e  
S v a l u e s .  The r e l a t i v e  s c i n t i l l a t i o n  e f f i c i e n c y  f o r  a  he a v y  i o n  t h e r e f o r e  
i s  g iven  by S m u l t i p l i e d  by t h e  f r a c t i o n  o f  t h e  t o t a l  e n e rg y  p e r m i t  l e n g t h  
g iv e n  to  t h e  l i g h t  p r o d u c i n g  6 - r a y s  i . e .  t h e  e l e c t r o n s  w i t h  s u f f i c i e n t  e n e r g y  
to  t r a v e l  o u t s i d e  the  d a rk  c y l i n d e r .  T h e r e f o r e
i s  a  c y l i n d e r  w i t h  t h e  i o n  p a t h  as  t h e  a x i s  and Rq(x ) i s  t h e  r a d i u s  o f  the
th e n  t h e r e  w i l l  be a c o r r e s p o n d i n g  e l e c t r o n  e n e rg y  r e l a t e d  to  i t  v i a  an 
a s s o c i a t e d  e l e c t r o n  r a n g e - S .  Us ing  e q u a t i o n  7 .27
R = S s i n  0
0 u 0 7 .33
and SQ i s  g i v e n  by
S = 1017 .5  T 1 - HZ 7 . 3 3 ( a )
o 0
Tmax
7.34
where T has  r e p l a c e d  o as  t h e  lower  l i m i t  i n  e q u a t i o n  7 .3 2 .
7.35
where
(dE/dx)  5
7.36(dE/dx)  0
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where  (dE /dx)  i s  t h e  e l e c t r o n i c  component  o f  t h e  s t o p p i n g  power o f  t h e  
c h a rg e d  p a r t i c l e  o f  i n t e r e s t .  T h e r e f o r e
dE>| (d L /d E ) f f . ( d E /d x ) e
= _  7o37
To o b t a i n d U from th e  e x p e r i m e n t a l  r e s u l t s  a p o l y n o m i a l  o f  o r d e r  
3 i s  f i t t e d  to. t h e  L(E) r e s u l t s  and dL/dE i s  s u b s e q u e n t l y  found  by d i f f e ­
r e n t i a t i o n .  The S v a l u e s  a r e  g i v e n  i n  Tab le  7 .1  and th e  e l e c t r o n i c  s t o p p i n g
power f o r  f i s s i o n  f r a g m e n t s  i s  c a l c u l a t e d  i n  c h a p t e r  6 .  Thus t h e  v a l u e  o f  
dEj- jH  i s  f o u n d .  The r a d i u s  o f  t h e  d a r k  r e g i o n  i s  t h e n  c a l c u l a t e d  by  f i n d i n g
' 5
the  lower l i m i t  T^ o f  the  i n t e g r a l  t h a t  w i l l  s a t i s f y  e q u a t i o n  7 .3 4  f o r  the
fdE^r e q u i r e d  v a l u e  of  1^ —1 . The i n t e g r a t i o n  i s  c a r r i e d  o u t  n u m e r i c a l l y  in  s t e p s  
o f  1 eV f o r  the  e l e c t r o n  e n e rg y  T, a d j u s t i n g  Tq u n t i l  t h e  r e q u i r e d  v a l u e  f o r  
t h e  i n t e g r a l  i s  o b t a i n e d .  The r a d i u s  o f  t h e  da rk  c y l i n d e r  Rq i s  g i v e n  by
Rq = SQ s i n  0 . 7 .3 8
where
1X1
S = 1017.50
0
10 3 '
7.39
(SQ i s  i n  A and TQ i n  eV)
and s i n  0 i s  c a l c u l a t e d  f r o m  c o s 2 0 w h e r e
T
c o s 2 0 = 7 .40
max
and
s i n  0 = J 1 -  c o s 2 0 7.41
The i n t e g r a t i o n  and th e  c a l c u l a t i o n s  of  R„ and R were  c a r r i e d  o u t  by0 max J
means of  a compute r  p rog ra m  w r i t t e n  i n  BASIC f o r  t h e  NOVA 840 c o m p u t e r .
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For  e a c h  d i f f e r e n t  i o n  e n e r g y  th e  c o r r e s p o n d i n g  (dE/dx)  g and C 
v a l u e s  were  used  and t h e  d a r k  c y l i n d e r  r a d i u s  was thus  c a l c u l a t e d  as  a 
f u n c t i o n  o f  e n e r g y .  F i g u r e  7 . 7  shows t h e  c a l c u l a t e d  t r a c k  r a d i u s  f o r  
l i g h t  and heavy  f r a g m e n t s  i n  a n t h r a c e n e  as  a  f u n c t i o n  o f  e n e r g y .  F i g u r e  
7 . 8  shows t h e  same r e s u l t s  as  a f u n c t i o n  o f  p e n e t r a t i o n  i n  a n t h r a c e n e .
F i g u r e  7.9 shows the  c a l c u l a t e d  t r a c k  r a d i u s  ( d a r k  c y l i n d e r  r a d i u s )  f o r  
f i s s i o n  f r a g m e n t s  i n  p l a s t i c  s c i n t i l l a t o r  KL 212.  The r e s u l t s  show 
c o n s i s t e n t l y  t h a t  t h e  d a r k  c y l i n d e r  o r  t r a c k  r a d i u s  o f  t h e  l i g h t  f r a g ­
ments  i s  g r e a t e r  t h a n  t h a t  o f  heavy  f r a g m e n t s .
F i g u r e s  7 . 7  t o  7 .9  a l s o  show t h a t  i n  g e n e r a l ,  t h e  t r a c k  r a d i u s
d e c r e a s e s  w i t h  e n e r g y ,  e x c e p t  i n  t h e  c a se  o f  l i g h t  f r a g m e n t s  i n  a n t h r a c e n e  
where t h e  t r a c k  r a d i u s  i n c r e a s e s  a t  f i r s t ,  goes  t h ro u g h  a  maximum and 
e v e n t u a l l y  d e c r e a s e s  w i t h  d e c r e a s i n g  e n e r g y .
The da rk  c y l i n d e r  ( o r  r a t h e r  the  d a rk  cone)  d e f i n e s  the r e g i o n  o f  in  
and a ro u n d  the  i o n  p a t h  where  t h e r e  i s  s i g n i f i c a n t  damage t o  t h e  s t r u c t u r e  
of  t h e  s t o p p i n g  m a t e r i a l .  The v a l u e s  o b t a i n e d  h e r e  f o r  t h e  t r a c k  r a d i u s  a r e
comparab le  to  t h o s e  c a l c u l a t e d  by Muga(62) f o r  r s a t  (50 -  100 A ) .  A l s o  the
g e n e r a l  t r e n d  o f  d e c r e a s i n g  ’d a r k  r e g i o n ’ r a d i u s  i s  i n  a g re e m e n t  w i t h  t h e  
d e c r e a s e  o f  r  w i t h  e n e r g y  p r e d i c t e d  by Muga’ s t h e o r y .S 3, l
R e c e n t l y ,  A. Q aqu i sh^ 69) u s i n g  s o l i d  s t a t e  t r a c k  de t e c  t o r s t m easu red
th e  t r a c k  r a d i u s  o f  f i s s i o n  f r a g m e n t s  i n  s o l i d s .  The a v e r a g e  f i s s i o n  f r a g m e n t
°r a d i u s  was a p p r o x i m a t e l y  120 A, i n  good ag re e m e n t  w i t h  t h e  v a l u e s  o b t a i n e d  h e r e .  
The m easurem ents  were made by d i r e c t  t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p y  u s i n g
- - ■ o ' *
t h i n  c r y s t a l s  ( ^  300 A) of  h e a t  s e n s i t i v e  m a t e r i a l s  l i k e  s i l v e r  c y a n a m i d e .
The t r a c k  r a d i u s ,  a c c o r d i n g  t o  Q a q u i s h ( 69) depends  on t h e  e n e r g y ,  mass and 
c h a rg e  o f  t h e  i n c i d e n t  p a r t i c l e  and sho u ld  t h e r e f o r e  v a r y  a l o n g  th e  f i s s i o n  
f r a g m e n t  p a t h .
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F ig ur e  7 .7 .The c a l c u l a t e d  t r a c k  r a d i u s  as a f u n c t i o n  o f  energy .
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To s um m ar i se ,  t h e  main f e a t u r e s  o f  the  ' v a r i a b l e  t r a c k '  t h e o r y  
d e v e lo p e d  i n  t h i s  s e c t i o n ,  a r e  t h a t  heavy  p a r t i c l e s  d i s s i p a t e  a l a r g e  
p r o p o r t i o n  o f  t h e i r  en e rg y  i n  damaging the  s t o p p i n g  m a t e r i a l  and t h a t  
i n s i d e  t h e  r e g i o n  where the  damage o c c u r s  the  s c i n t i l l a t i o n  c e n t r e s  a r e  
a lm os t  c o m p l e t e l y  d e s t r o y e d  so t h a t  the s c i n t i l l a t i o n  e m e rg ing  from t h e r e  
i s  m in im a l .  I n  a g re e m e n t  w i t h  t h i s  i d e a  i s  a l s o  Muga 's  a s s u m p t io n  t h a t  
t h e  c o n t r i b u t i o n  to  t h e  s c i n t i l l a t i o n  from i n  and  a round  t h e  t r a c k  i s  v e r y  
s m a l l .
7 . 4 . 4  R e l i a b i l i t y  of  t r a c k - r a d i u s  c a l c u l a t i o n s
The u n c e r t a i n t i e s  i n  t h e  c a l c u l a t e d  t r a c k  r a d i u s  a r i s e  f i r s t l y  f rom t h e  
l a c k  o f  e x p e r i m e n t a l  v a l u e s  f o r  t h e  s t o p p i n g  power and e f f e c t i v e  c h a r g e  
number of  the  i o n ,  and s e c o n d l y  i n  t h e  u n c e r t a i n t i e s  i n t r o d u c e d  by the  
method of  e x t r a c t i n g  the  dL/dE v a l u e s ,  f rom the  L(E) d a t a .
To a p p r e c i a t e  t h e  m agn i tude  o f  t h e  i n f l u e n c e  o f  the  e f f e c t i v e  cha rge
number on t h e  v a l u e  o f  t h e  r a d i u s , c o n s i d e r  a t y p i c a l  c a s e  where £ = 20.
The u n c e r t a i n t y  i s  o f  t h e  o r d e r  o f  it 2 10%) . Because £ e n t e r s  t h e  c a l c u l a -
t i o n s  as  £2 ( e q u a t i o n  7 .17)  t h e n  t h e  u n c e r t a i n t y  i n t r o d u c e d  w i l l  be o f  t h e
o r d e r  o f  20%. In  f a c t  d i r e c t  c a l c u l a t i o n  w i t h  £ = 21 .8 3  and £ = 23 .4 1  gave
°  °c o r r e s p o n d i n g  v a l u e s  f o r  o f  135 .1  A and 152 .3  A ( i . e .  an i n c r e a s e  o f  7.2% 
i n  £ i n c r e a s e d  RQ by 12 .7%).  Once a g a i n  t h e  need  f o r  a c c u r a t e  e s ?p e r im e n ta l  
v a l u e s  f o r  the  e f f e c t i v e  c h a rg e  number o f  heavy i o n s  i n  s o l i d s  i s  shown.
The i n f l u e n c e  o f  t h e  u n c e r t a i n t y  i n  dE/dx  i s  l e s s  b e c a u s e  t h e  t e r m  i s
i n v o l v e d  i n  a l i n e a r  f a s h i o n  ( s e e  e q u a t i o n  7 . 3 7 ) .  An i n d i c a t i o n  o f  t h e  u n c e r ­
t a i n t y  i n  dE /dx  c a l c u l a t i o n s  may be o b t a i n e d  from f i g u r e s  6 . 7  and 6 . 8  a s  the  
d i f f e r e n c e  be tw een  t h e  v a l u e s  o b t a i n e d  from e q u a t i o n  6 . 4  and  t h o s e  g i v e n  i n
t a b l e s  6 . 2  and 6 . 3 .  These d i f f e r e n c e s  a t  v e l o c i t i e s  0/ 1 cm/ns a r e  o f  t h e
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o r d e r  o f  1-2% b u t  they  i n c r e a s e  to  30% a t  a round  0 . 4  c m / n s . A ga in  more 
r e l i a b l e ,  e x p e r i m e n t a l  v a l u e s  a r e  needed  f o r  t h e  s t o p p i n g  power o f  l i g h t  
and he a vy  f r a g m e n t s  i n  s c i n t i l l a t o r s .
"Che u n c e r t a i n t i e s  i n v o l v e d  i n  o b t a i n i n g  t h e  s c i n t i l l a t i o n  e f f i c i e n c y  
dL/dE from L(E) d a t a  a r e  d e s c r i b e d  i n  c h a p t e r  5 .  Improvement i n  a c c u r a c y  
r e g a r d i n g  t h i s  q u a n t i t y  can be  o b t a i n e d  by i n c r e a s i n g  t h e  number o f  e x p e r i ­
m e n t a l  p o i n t s  f o r  t h e  L(E) c u rv e  t o  a b o u t  20 .  Then a  b e t t e r  a s s e s s m e n t  
can be  made r e g a r d i n g  th e  l o w e s t  o r d e r  p o l y n o m i a l  t h a t  w i l l  f u l l y  d e s c r i b e  
L(E) so t h a t  dL/dE may be e x t r a c t e d  by  d i f f e r e n t i a t i o n  w i t h o u t  i n t r o d u c i n g  
l a r g e  e r r o r s .  An a l t e r n a t i v e  method i s  to  o b t a i n  dL/dE by a c c u r a t e  e x p e r i ­
m e n ta l  m easurem ents  o f  dL/dx  and dE/dx  s i n c e
dL _ (dL/dx)
dE (dE/dx)
F i n a l l y  the  p r o b le m  of  6 - r a y s  p e n e t r a t i o n  i n  s o l i d s  has  be e n  o v e r ­
s i m p l i f i e d .  I n  o r d e r  t o  o b t a i n  a more r e f i n e d  model  o f  t h e ' v a r i a b l e  t r a c k '  
t h e o r y ,  a more r i g o r o u s  t r e a t m e n t  o f  t h e  e l e c t r o n  d i f f u s i o n  p r o c e s s  i n  the  
s c i n t i l l a t o r  s h o u l d  be p u r s u e d .
CHAPTER 8
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
The double  t i m e - o f - f l i g h t  s y s te m  d e s c r i b e d  i n  s e c t i o n  1 .3  was n o t  
e v e n t u a l l y  r e a l i s e d  f o r  t e c h n i c a l  r e a s o n s .  The f e a s i b i l i t y  o f  su c h  a 
sy s te m  was p ro v e d  however  and by  u s i n g  a  252Cf s o u r c e  on a v e r y  t h i n  
b a c k i n g  i t  w i l l  be  p o s s i b l e  t o  c o n s t r u c t  t h e  d o ub le  t i m e - o f - f l i g h t  s y s t e m ,  
c a p ab le  "I se lee I i ng va i io i i a  n lhc i  I r.tgniciil mamirn in a d d i t i o n  to  I lie median 
l i g h t  and heavy  f r a g m e n t s .  Such a s y s te m  c o u ld  t h e n  be u s e d  to  t h o r o u g h l y  
i n v e s t i g a t e  t h e  mass dependence  o f  t h e  s c i n t i l l a t i o n  l i g h t  o u t p u t .  The 
e f f i c i e n c y  o f  t h e  s y s te m  c o u ld  be  f u r t h e r  improyed b y  i n t r o d u c i n g  a  m u l t i ­
p a r a m e t e r  r e c o r d i n g  s y s te m  ( m i n i - c o m p u t e r ) .  Thus t h e  p rob lem  of  low 
c o u n t i n g  r a t e s  w i l l  be overcome s i n c e  the  sy s te m  would be  c a p a b l e  o f  
r e c o r d i n g  and a n a l y s i n g  s i n g l e  e v e n t s .
I t  has  become e v i d e n t ,  f rom c h a p t e r  7 ,  t h a t  t h e  s t o p p i n g  power  dE /dx  
and t h e  c f  f o e  I. i vi* i o n i c  c h a r g e  J . a r c  i m p o r t a n t  p a r a m e t e r s  r e g a r d i n g  t h e  
s p e c i f i c  l u m in e s c e n c e  and t h e  i n t e g r a l  l i g h t  o u t p u t .  As has  a l r e a d y  b e e n  
p o i n t e d  o u t  t h e r e  i s  a marked a b s en c e  o f  e x p e r i m e n t a l  v a l u e s  f o r  t h e s e  q u a n ­
t i t i e s ,  f o r  t h e  m a t e r i a l s  o f  i n t e r e s t  h e r e .  When more c o m p re h en s iv e  e x p e r i ­
m e n t a l  d a t a  f o r  dE/dx and Ce ££ as  a f u n c t i o n  o f  e n e r g y  become a v a i l a b l e  f o r  
i n d i v i d u a l  f i s s i o n  f r a g m e n t s  i n  t h e  v a r i o u s  s c i n t i l l a t o r s ,  i t  w i l l  t h e n  be 
p o s s i b l e  t o  e s t a b l i s h  t h e  d e g r e e  of  any c o r r e l a t i o n  b e tw e en  dL/dx  and  t h e s e  
q u a n t i t i e s .
8 . 1  M o d i f i c a t i o n s  to  t h e  P r e s e n t  System
The e x i s t i n g  a p p a r a t u s  co u ld  be  m o d i f i e d  i n  two ways i n  o r d e r  to  improve 
t h e  t e c h n i q u e  and p e r f o r m a n c e  d e s c r i b e d  i n  c h a p t e r s  3 and 4 .  F i r s t  t h e  p h o t o -
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m u l t i p l i e r  r e s i s t o r  dynode c h a i n  c o u ld  be  o p e r a t e d ,  i n  a i r  i n s t e a d  of  
vacuum. In  o r d e r  to  a c h i e v e  t h i s ,  t h e  p h o t o m u l t i p l i e r  h o u s i n g  must  be 
r e - d e s i g n e d  and th e  * 0 ’ r i n g  s e p a r a t i n g  vacuum from a t m o s p h e r i c  p r e s s u r e  
must  be p l a c e d  e i t h e r  on the p h o t o m u l t i p l i e r  or  on a 1 i g h t g u i d e  a t t a c h e d  
b e tw e en  t h e  p h o t o m u l t i p l i e r  and t h e  s c i n t i l l a t o r .  The r e d u c t i o n  i n  t h e  
l i g h t  c o l l e c t e d  a t  t h e  c a thode  t h a t  may r e s u l t  due to  a t t e n u a t i o n  can  be 
k e p t  low by making  th e  l i g h t g u i d e  as  t h i n  a s  p o s s i b l e  ( a b o u t  1 c m ) . Th i s  
m o d i f i c a t i o n  w i l l  s t o p  t h e  o v e r h e a t i n g  of  the  ca thode  o b s e r v e d  due to  i n a d e ­
q u a t e  c o o l i n g  and w i l l  t hus  r e d u c e  v a r i a t i o n s  i n  t h e  p h o t o m u l t i p l i e r  g a i n .  
These g a i n  s h i f t s  c o u ld  be  f u r t h e r  r e d u c e d  by e m ploy ing  a  s t a b i l i s e d  power 
su p p ly  f o r  t h e  e l e c t r o n i c  d e v i c e s ,  and p a r t i c u l a r l y  f o r  t h e  HT s u p p l y .
The second  m o d i f i c a t i o n ,  p o s s i b l e  to  t h e  e x i s t i n g  s y s t e m  i s  to  i n t r o d u c e  
a t e l e s c o p i c  f l i g h t  tube  so t h a t  the  f l i g h t  p a t h  cou ld  be  e a s i l y  v a r i e d  w i t h ­
o u t  d i s t u r b i n g  the  vacuum. An a t t a c h e d  v e r n i e r  c o u ld  g i v e  an a c c u r a t e  
r e a d i n g  of  t h e  d i s t a n c e  v a r i a t i o n  and t h i s  .could g i v e  an  improvement  i n  t h e  
a c c u r a c y  of  v e l o c i t y  c a l c u l a t i o n s .  By o b t a i n i n g  t h e  c o r r e s p o n d i n g  s h i f t s  o f  
t h e  t i m e - o f - f l i g h t  s p e c t ru m  peaks  f o r  the. v a r i o u s  f l i g h t  p a t h  c h a n g e s ,  a 
l i n e a r  g r a p h  o f  d i s t a n c e  vs  t im e  c o u ld  b e  o b t a i n e d ,  t h e  s l o p e  o f  w h ic h  w i l l  
g i v e  t h e  v e l o c i t y  of  e a c h  p a r t i c l e .
O th e r  s u g g e s t i o n s  f o r  t h e  improvement  o f  t h e  sy s te m  were  made i n  
e a r l i e r  c h a p t e r s  i n c l u d i n g  t h e  i n v e s t i g a t i o n  o f  s c a t t e r i n g  o f  s lo w  heavy  
i o n s  i n  t r a n s v e r s i n g  t h i n  f i l m s .
8 .2  P u l s e  Shape D i s c r i m i n a t i o n
S c i n t i l l a t i o n  p u l s e s  decay  i n  a c o m b i n a t i o n  o f  e x p o n e n t i a l s  o f  d i f f e r e n t  
t ime  c o n s t a n t s .  D i s c r i m i n a t i o n  among t y p e s  of  p a r t i c l e s  i s  p o s s i b l e  f o r  some 
s c i n t i l l a t o r s  b e c a u s e  a m p l i t u d e  r a t i o s  of  f a s t  and s low components  o f  t h e
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s c i n t i l l a t i o n  p u l s e  a r e  d i f f e r e n t  f o r  d i f f e r e n t  t y p e s  o f  p a r t i c l e s .
F igu res  8 .1  t o  8 . 4  show anode and dynode o u t p u t  p u l s e s  t a k e n  w i t h  a 
C s I ( T l )  d e t e c t o r .  F i g u r e  8 .1  shows dynode p u l s e s  due t o  a - p a r t i c l e s  
and heavy  f r a g m e n t s  f rom a 252Cf s o u r c e .  The p u l s e s  due to  a - p a r t i c l e s  
a r e  t h e  more i n t e n s e .  F i g u r e  8 . 2  shows anode p u l s e s  p r o d u c e d  by a -  
p a r t i c l e s  and l i g h t  f r a g m e n t s  i n c i d e n t  on t h e  same s c i n t i l l a t o r .  F i g u r e s
8 . 3  and 8 .4  show anode p u l s e s  f o r  a - p a r t i c l e s  and f i s s i o n  f r a g m e n t s ,  and 
. a - p a r t i c l e s  a l o n e ,  r e s p e c t i v e l y .  These p h o t o g r a p h s  show t h a t  the decay  
c o n s t a n t s  a r e  d i f f e r e n t  f o r  t h e  d i f f e r e n t  p a r t i c l e s ,  w i t h  t h e  f i s s i o n  
f r a g m e n t s  c l e a r l y  showing a  s lo w e r  decay  t i m e .
The mono-pho ton  t e c h n i q u e  f o r  m e a s u r in g  t h e  decay  o f  l i g h t  i n t e n s i t y  
was f i r s t  d e v e lo p e d  by B o l l i n g e r  and Thomas(67) .  Th is  method employs two 
p h o t o m u l t i p l i e r s  v i e w in g  t h e  same s c i n t i l l a t o r .  The f i r s t  p h o t o m u l t i p l i e r  
i s  p l a c e d  as  n e a r  t o  t h e  s c i n t i l l a t o r  as  p o s s i b l e  to  p r o v i d e  a  ’ s t a r t 1 
p u l s e  i n d i c a t i n g  the  t ime o f  o c c u r r e n c e  o f  .the s c i n t i l l a t i o n  w h i l e  t h e  
second  p h o t o m u l t i p l i e r  views  th e  s c i n t i l l a t o r  t h ro u g h  a l i g h t  a t t e n u a t o r ,  
such  t h a t  t h e  p r o b a b i l i t y  t h a t  i t  w i l l  d e t e c t  the  l i g h t  f l a s h  i s  c o n s i d e ­
r a b l y  l e s s  t h a n  u n i t y .  The decay  c u r v e s  o f  a s c i n t i l l a t o r  a r e  t h u s  o b t a i n e d  
by m e a s u r i n g  t h e  p r o b a b i l i t y  o f  d e t e c t i n g  a  v i s i b l e  p h o to n  i n  t h e  s e co n d  
‘p h o t o m u l t i p l i e r ,  a s  a f u n c t i o n  o f  t im e  w i t h  z e r o - t i m e  b e i n g  s p e c i f i e d  by 
t h e  f i r s t  PM t u b e .  Th is  t e c h n i q u e  was f u r t h e r  improved  by o t h e r s a n d  
a p p l i e d  to  s t u d i e s  o f  s e v e r a l  s c i n t i l l a t o r s  which  were i n v e s t i g a t e d  u s i n g  
y - r a y s , n e u t r o n s  and a - p a r t i c l e s .  I t  w i l l  be  o f  i n t e r e s t  to  e x t e n d  t h e s e  
e x p e r i m e n t s  t o  f i s s i o n  f r a g m e n t s  and i n v e s t i g a t e  t h e  e x i s t e n c e  o f  t h e  s lo w  
and f a s t  components  to  the  s c i n t i l l a t i o n  o u t p u t ,  d i s c u s s e d  in  s e c t i o n  7 . 2 .
I n  such  work i t  would be o f  i n t e r e s t  to  measure  t h e  s c i n t i l l a t i o n  
r e s p o n s e  i n  terms o f  t h e  y i e l d s  of  " s l o w ” and f a s t  l i g h t  f o r  v a r i o u s  heavy  
i o n s . .
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P u l s e  shape  d i s c r i m i n a t i o n  makes u s e  o f  t h e  f a c t  t h a t  t h e  p u l s e  
s h a p e s  d i f f e r  f rom one k i n d  o f  p a r t i c l e  t o  a n o t h e r ^ 70^ . S e v e r a l  t y p e s  o f  
c i r c u i t s  have  b e e n  d e v e lo p e d  as  p u l s e - s h a p e  d i s c r i m i n a t o r s  ^7(^ S o m e  
p r o c e s s  t h e  o u t p u t  p u l s e  u s i n g  b o t h  s m a l l  and l a r g e  t ime c o n s t a n t s  t o  
p ro d u c e  p u l s e s  c o r r e s p o n d i n g  t o  peak  a m p l i t u d e  and t o t a l  c u r r e n t  f rom 
t h e  p h o t o m u l t i p l i e r ( 71) . The mos t  common method however  i s  t h e  Owen- 
B a t c h e l o r  m e th o d ^ 7^^)  Th i s  u s e s  a s p a c e - c h a r g e  l i m i t a t i o n  i n  t h e  p h o t o ­
m u l t i p l i e r  t o  d i s t i n g u i s h  a  l a r g e - p e a k - a m p l i t u d e  from a s m a l l - p e a k - a m p l i t u d e . 
The c i r c u i t  d e s c r i b e d  by B a t c h e l o r , G i l b o y  e t  a l . ^ 72  ^ c o u ld  be u s e d  i n  t h e  
c a s e  o f  f i s s i o n  f r a g m e n t s  t o  d i s c r i m i n a t e  a g a i n s t  o t h e r  r a d i a t i o n .
The p u l s e  sha pes  o b s e rv e d  i n  C s I ( T l )  f o r  example  f o r  a - p a r t i c l e s  
and f i s s i o n  f r a g m e n t s  show s u f f i c i e n t l y  l a r g e  d i f f e r e n c e s  i n  t h e  s low 
component  t o  e n a b l e  t h e s e  two g roups  o f  i o n s  t o  be s e p a r a t e d  f a i r l y  
c l e a r l y . .
8 . 3  Mass D i s c r i m i n a t io n  from Emis_sion Spe c t r a
G. H r e h u s ^ 73) o b s e rv e d  t h a t  t h e  e m i s s i o n  s p e c t r a  o f  C s I ( T l )  bombarded  
by l i g h t  p a r t i c l e s  showed t h e  number o f  s c i n t i l l a t i o n  p h o t o n s  e m i t t e d  a t  
s h o r t e r  w a v e l e n g t h s  to  b e  r e l a t i v e l y  h i g h  compared t o  t h e  number o f  p h o t o n s  
' e m i t t e d  a t  t h e  same w a v e l e n g t h s  i n  t h e  c a se  o f  heavy  p a r t i c l e s .  The p o s s i b i ­
l i t y  o f  d i s c r i m i n a t i n g  a g a i n s t  c e r t a i n  t y p e s  o f  r a d i a t i o n s  by i n t e r p o s i n g  a 
c o l o u r  f i l t e r  b e tw e en  t h e  s c i n t i l l a t o r  and t h e  p h o t o m u l t i p l i e r  a l s o  m e r i t s  
f u r t h e r  i n v e s t i g a t i o n  due to  i t s  a t t r a c t i v e  s i m p l i c i t y .
A p a r t  f rom t h e  p o s s i b i l i t i e s  f o r  f u r t h e r  work o u t l i n e d  a b o v e ,  s e v e r a l  
o t h e r  s u g g e s t i o n s  f o r  f u r t h e r  work have  b e e n  made i n  p r e v i o u s  c h a p t e r s .  They 
i n c l u d e :
(a)  The i n v e s t i g a t i o n  as  t o  t h e  e f f e c t  o f  s c i n t i l l a t o r  t h i c k n e s s  on t h e
- 1 9 0  -
p u l s e  h e i g h t  o u t p u t .
(b) The measurement  o f  the  s t o p p i n g  power as  a f u n c t i o n  o f  e n e r g y  f o r  t h e  
v a r i o u s  s c i n t i l l a t o r s  u s e d .
(c)  The measurement  o f  t h e  e f f e c t i v e  c h a rg e  number as  a  f u n c t i o n  o f  e n e r g y ,  
as  the p a r t i c l e s  s low down in  t h e  v a r i o u s  s c i n t i l l a t o r s .
With r e g a r d  to  t h e  v a r i a b l e  ' t r a c k - r a d i u s * t h e o r y  i t  h a s  a l r e a d y  been  
s u g g e s t e d  t h a t  more a c c u r a t e  v a l u e s  f o r  dL/dE s h o u ld  be u s e d  i n  a d d i t i o n  to  a 
more r i g o r o u s  t r e a t m e n t  o f  e l e c t r o n  d i f f u s i o n  i n  t h e  s c i n t i l l a t o r s .
8 . 4  C o n c l u s io n s
T h is  p r o j e c t  has  d e m o n s t r a t e d  t h a t  a  heavy  i o n  s o u r c e ,  c a p a b l e  o f  
p r o v i d i n g  mass s e l e c t i o n  a t  v a r i o u s  e n e r g i e s  i s  t e c h n i c a l l y  f e a s i b l e .  I t  
o f f e r s  the  a d v a n ta g e s  of  compac tn ess  and low c o s t  w h i l e  t h e  d i s a d v a n t a g e  o f  
poor  c o u n t i n g  s t a t i s t i c s  may be  overcome by. t h e  i n t r o d u c t i o n  o f  a m u l t i ­
p a r a m e t e r  r e c o r d i n g  s y s te m  and a  s t r o n g e r  s o u r c e .  Fo r  t h e  p r e s e n t  w o rk ,  a 
s i m p l i f i e d  v e r s i o n  o f  t h e  t i m e - o f - f l i g h t  a p p a r a t u s  was c o n s t r u c t e d ,  c a p a b l e  
o f  mass s e l e c t i o n  a t  t h e  p e a k s  o f  the  f i s s i o n  f r a g m e n t  mass d i s t r i b u t i o n .
With t h i s  s y s te m ,  however ,  o n l y  t h e  i n v e s t i g a t i o n  o f  t h e  median  m asses  was 
p o s s i b l e  t o g e t h e r  w i t h  the  i n v e s t i g a t i o n  o f  t h e  252Cf a - p a r t i c l e s .  I t  was 
shown t h a t  by v a r y i n g  t h e  f l i g h t  p a t h  by  known am oun ts ,  d i r e c t  and a c c u r a t e  
m easurem ents  o f  t h e  p a r t i c l e  v e l o c i t i e s  c o u ld  be  o b t a i n e d .  The r e s p o n s e  of  
n wide v a r i e t y  of  s c i n t i l l a t o r s  to  modi on heavy and l i g h t  f r a g m e n t s  a s  w e l l  
as  a - p a r t i c l e s  was i n v e s t i g a t e d , u s i n g  t h i s  s i n g l e - e n d e d  t i m e - o f - f l i g h t  
a p p a r a t u s .  No p u b l i s h e d  d a t a  e x i s t  f o r  t h e  r e s p o n s e  of  most  o f  t h e s e  s c i n ­
t i l l a t o r s  t o  f i s s i o n  f r a g m e n t s  o r  v e r y  heavy  i o n s  o f  c om parab le  m a s s .
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The r e s p o n s e  o f  t h e  t h i n  f i l m  p l a s t i c  s c i n t i l l a t o r s  t o  median 
l i g h t  and heavy  f r a g m e n t s  was a l s o  e x a m i n e d , p r o v i d i n g  us  w i t h  a d i r e c t  
measure  o f  dL/dx as  a f u n c t i o n  o f  e n e rg y  and v e l o c i t y .  The range- renergy  
c u rv e s  were  f u r t h e r  o b t a i n e d  f o r  t h e  TFD and were s u b s e q u e n t l y  compared 
t o  t h e  p r e d i c t i o n s  o f  s e m i - e m p i r i c a l  f o rm u la e  t ak e n  from th e  l i t e r a t u r e .
F i n a l l y  t h e  r e s u l t s  o b t a i n e d  f o r  t h e  t o t a l  l i g h t  o u t p u t  and the  
s p e c i f i c  l u m in e s c e n c e  as a f u n c t i o n  o f  e n e rg y  were compared to  t h e  p r e d i c t i o n s  
of e x i s t i n g  t h e o r i e s .  A new t h e o r y  was s u b s e q u e n t l y  p r o p o s e d  i n c o r p o r a t i n g  the  
i d e a  o f  a  v a r i a b l e  ' t r a c k - r a d i u s ’ , c o n s i d e r e d  as  a  d a r k  r e g i o n  and a ssum ing  
t h a t  t h e  l i g h t  p ro d u c e d  when v e r y  heavy  i o n s  a r e  i n c i d e n t  on a s c i n t i l l a t o r  
r e s u l t s  i n d i r e c t l y  f rom t h e  p r o d u c t i o n  o f  6 - r a y s  t r a v e l l i n g  o u t s i d e  the  ’ d a rk  
r e g i o n ’ . The e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  f o r  the  t o t a l  l i g h t  o u t p u t  were 
f i t t e d  t o  t h i s  t h e o r y  and t h e  t r a c k  r a d i u s  a t  v a r i o u s  e n e r g i e s  was c a l c u l a t e d .  
The r e s u l t s  o b t a i n e d  s u g g e s t  t h a t  t h e  t r a c k  rad ius ,  d e c r e a s e s  w i t h  d e c r e a s i n g  
e n e r g y ,  i n  a g re e m e n t  w i t h  o b s e r v a t i o n s  made, w i t h  s o l i d  s t a t e  t r a c k  d e t e c t o r s .  
The v a l u e s  o b t a i n e d  f o r  the t r a c k  r a d i i  were a l s o  found to  be  in  a g re e m e n t  
w i t h  the  v a l u e s  o b t a i n e d  by o t h e r  a u t h o r s  u s i n g  s d l i d  s t a t e  t r a c k  d e t e c t o r s .
I t  i s  hoped  t h a t  t h i s  p r o j e c t  w i l l  fo rm  t h e  f o u n d a t i o n s  f o r  t h e  d e v e l o p ­
ment  o f  a  compact ,  heavy  i o n  s o u r c e ,  p r o v i d i n g  a  wide r a n g e  o f  m as s e s  w i t h  
a c c u r a t e  mass s e l e c t i o n  c a p a b i l i t y .  Th is  s o u r c e  c o u ld  t h e n  be u s e d  t o  
i n v e s t i g a t e  and r e s o l v e  t h e  e x i s t i n g  p rob le m s  of  heavy  i o n  i n t e r a c t i o n s  i n  
m a t t e r .
REFERENCES
J . B .  B i r k s ,  'The  Theory and P r a c t i c e  o f  S c i n t i l l a t i o n  C o u n t i n g ’ 
(Pergamon P r e s s ,  New Y ork ,  1964) .
(a)  H.A. Be t h e ,  Ann. Phys .  5 (1930)  325.
(b) M. L i v i n g s t o n  and H. B e t h e ,  Rev.  Mod. P h y s . 9 (1937)  245.
W. Burcham, ' N u c l e a r  P h y s i c s ;  An I n t r o d u c t i o n ' ,
E. S e g r e ,  ' N u c l e i  and P a r t i c l e s '  (Ben jamin  1965) p . 28.
C-. H rehus ,  N uc l .  I n s t r .  and Meth,  (1960)  344-.
( a )  C . J .  T a y l o r  e t  a l . , P h y s .  Rev. _84 (1951)  1034.
(b) P .  I r e d a l e ,  N uc l .  I n s t r .  and Meth.  ljL (1961)  336.
(c)  S.  Bask in  e t  a l . , Phys .  Rev. 109 (1958)  434.
(d) S.K. A l l i s o n  e t  a l . ,  Phys .  Rev. 9C) (1953)880 .
(e)  G.L. Cano e t  a l . ,  P hys .  Rev. 15 7 (1967)  677.
( f )  M.L. H a l b e r t ,  P hys .  Rev. 107 (1957)  647.
(g) A.R. Q u in ton  e t  a l . ,  Phys .  Rev. 115 (1959)  886.
(h) R.B. Murray e t  a l . , Phys .  Rev. 122 (1961)  815.
(1) E. Newman e t  a l . ,  Phys .  Rev. 122 (1961)  1520.
( j )  J .C .D .  M i l t o n  e t  a l . ,  P hys .  Rev. 96 (1954)1508 .
(k) C.B. Fu lm er ,  Phys .  Rev. JL08 (1957)  1113.
(1) W.J.  McDonald e t  a l . ,  N u c l .  I n s t r .  and Meth.  115 (1974)  185 
(m) L. Muga e t  a l . ,  Phys .  Rev. B 9 (1974)  3639.
(a)  J . B .  B i r k s ,  P hys .  Rev. 86 (1952) 569.
(b) J . B .  B i r k s ,  P hys .  Rev. _84 (1950)  364.
H.W. Smith e t  a l . , Phys .  Rev. B L37 (1965)  837.
M.L. Muga, N uc l .  I n s t r .  and Meth. 9l5 (1971)  349.
M.L. Muga e t  a l .  , N uc l .  I n s t r .  and Meth.  83 (197o)  135.
M.L. Muga e t  a l . , N uc l .  I n s t r .  and Meth.  104 (1972)  605.
-  193 -
12. B.D. P a t e  e t  a l .  , Can. J .  Chem. J33 (1955)  15
13. C.N. F e l l a s  e t  a l . ,  IEEE, T r a n s .  N u c l . S c i .  NS-22 (1975)  93,
( s e e  A p p e n d i x ) .
14. C.K. Gelbke e t  a l . ,  N u c l .  I n s t r .  and Meth.  £5  (1971)  397.
15. R.C.A.  P h o t o m u l t i p l i e r  Manual .
16. R. P o s t  e t  a l . , P hys .  Rev. _80 (1950)  1113.
17. E. G a t t i  e t  a l . ,  Nuc l .  I n s t r .  and Meth.  _43 (1966)  248 .
18. R. R u p a a l ,  N uc l .  I n s t r .  and Meth.  _49 (1967)  145.
19. R. N u t t ,  IEEE, T r a n s .  N u c l .  S c i .  NS-14 (1)  (1967)  110.
20.  P.D.  Compton e t  a l . ,  IEEE, T r a n s .  N uc l .  S c i .  NS-14 (1) (1967) 116.
21.  M. B e r t o l a c c i n i  e t  a l . ,  N uc l .  I n s t r .  and Meth.  5_1 (1967)  325 .
22. L.G. Hyman, e t  a l . , Rev. S c i .  I n s t r .  (1964)  393.
23.  (a)  D.A. Gedcke e t  a l . ,  N uc l .  I n s t r .  and Meth.  5J5 (1967)  377.
(b) D.A. Gedcke e t  a l .  , N u c l .  I n s t r .  and Meth.  5J3 (1968)  253.
24.  W.J.  McDonald e t  a l . ,  I n t e r n a t i o n a l  Symposium i n  N u c l .  E l e c t r o n i c s ,
V e r s a i l l e s ,  S e p t .  10 -13 ,  1968, Vol . .  1, p . 5 6 . 1 - 5 6 . 9 .
25.  W.J.  McDonald e t  a l . ,  N uc l .  I n s t r .  and Meth.  5^ 5 (1967)  1.
26.  G. P r e s e n t  e t  a l . ,  N u c l .  I n s t r .  and Meth.  31 (1964)  71.
27.  L.C.  N o r t h c l i f f e  e t  a l . ,  N u c l e a r  Dara T a b l e s  A7 (1970)  233.
28. H.W. Smith e t  a l . , Phys .  Rev. B 137 (1965)  837.
29. (a)  M. A l - B e d r i , Ph .D .  T h e s i s  ( 1 9 7 4 ) ,  P h y s i c s  D e p t . ,  U n i v e r s i t y  o f  S u r r e y ,  
(b) D.A. Sykes e t  a l . , N uc l .  I n s t r  and Meth. JT7 (1971)  203.
30. J . L .  Da S i l v a  e t  a l . ,' Rev. de P h y s i q u e  A p p l iqud  1_ (1972)  127.  .
31. L.C.  N o r t h c l i f f e  e t  a l . , N u c l e a r  D a ta  T a b le s  A7 (1970)  233.
32.  (a)  C.A. S a u t t e r  e t  a l . , Phys.  Rev.  140 (1965)  A490.
(b) J . T .  P a r k  e t  a l . , P hys .  Rev. ^131 (1963) 1611.
33.  N u c l e a r  E n t e r p r i s e s :  " S c i n t i l l a t o r s  C a t a lo g u e  1974".
34. K o c h -L ig h t  L a b o r a t o r i e s ,  " P r o d u c t s  C a t a lo g u e  KL 4".
-  194 -
35. J .  L i n d h a r d  e t  a l  . , K. Dan. V i d e s k ,  S e l k s k .  Mat.  Fys .  Medd. 33
( 1 9 6 3 )  14 .
36. R. M u l l e r  e t  a l . ,  N uc l .  I n s t r .  and Meth.  jLL (1971)  357.
37.  J .M, A l e x a n d e r  e t  a l . , Phys .  Rev. 120 (1967)  874.
38.  (a)  J . B .  Cumming e t  a l . ,  Phys .  Rev. 161 (1967)  287.
(b) N.K. Aras  e t  a l . ,  Can. J .  P hys .  _47 (1969)  2371.
39. J . B .  Niday  e t  a l . , P hys .  Rev. 121 (1961)  1471.
40.  N. Bohr ,  K. Dansk ,  V id e n s k .  S e l s k .  Mat.  Fys .  Medd. 1_8 (1948)  8.
41.  S. M uk h e r j i  e t  a l . ,  Phys .  Rev. B 9_ (19 74). 3708.
42. N.O. L a s s e n ,  K. Dansk,  V id e n s k .  S e l s k .  Mat.  F y s .  Medd. 25_ (1949)  No. 11.
43.  N. Bohr  e t  a l . ,  K. Dansk,  V ide nsk .  Sol ' sk .  Mat. Fys .  Medd. 2_8 (1954)  No. 7.
44. (a)  H.D. B e t z ,  IEEE, T r a n s .  N uc l .  S c i .  NS-18 No. 3 (1971)  1110
(b) H.D. B e t z ,  IEEE, T r a n s ,  N u c l .  S c i .  NS-19 No. 2 (1972)  249.
(c)  H.D. B e t z ,  Rev. Mod. Phys .  ^44 No. 3 (1972)  465.
45.  W. Booth e t  a l . , N u c l .  P hys .  6J3 (1965)  481.
46. (a)  L.C.  N o r t h c l i f f e ,  P hys .  Rev. 120 (1960)  1744.
(b) Po th  e t  a l . ,  P h y s .  Rev.  JL64 (1967) 1297.
47. W.H. B a r k a s , N u c l e a r  R e s e a r c h  E m u l s i o n s ,  Academic P r e s s  1 (1963)  371.
48.  (a)  H.D. B e tz  e t  a l . ,  P hys .  L e t t e r s  _22 No. 5 (1966)  643.
(b) A.B. W i t tkow er  e t  a l . , Atomic D a ta  _5 (1973) 113.
49. N.E .  S a n d e rs o n  e t  a l . , N u c l .  I n s t r .  and Meth.  137 (1976) 399.
50.  E.  Mol l  e t  a l . , N u c l .  I n s t r .  and Meth.  123 (1975) 615 .
51 .  J . I .  H opk in s ,  Rev. S c i .  I n s t r .  Z2 (1951)  29.
52.  J . B .  B i r k s ,  P r o c .  P hys .  Soc. (London) A63 (1950) 1294.
53.  H.C. Evans e t  a l . , P r o c .  P hys .  Soc .  _74 (1959) 483.
54 .  L.  Muga e t  a l .  , P hys .  Rev.  B 9_ (1974)  3639.
55.  G.T. W r i g h t ,  P hys .  Rev. 91 (1953)  1282.
-  195 -
56.  ( a )  E. Newman e t  a l . ,  Phys .  Rev. 122 (1961)  1520.
(b)  W. S c h o t t ,  Z. P h y s i k  197 (1964)428 .
(c)  R. V o l t z  e t  a l . ,  J .  Chem P hys .  45 (1966)  3306.
57.  ( a )  R. V o l t z ,  Thbse S t r a s b u r g  (1965)
(b) R. V o l t z  e t  a l . ,  J .  P h y s iq u e  2_9 (1968)  159.
(c)  R. V o l t z  e t  a l . ,  J .  P h y s i q u e  29_ (1968) 297.
(d) T.A. King e t  a l .  , P r o c .  Roy. Soc.  A289 (1966)  424.
(e)  L.M. B o l l i n g e r  e t  a l . ,  Rev. S c i .  I n s t r .  J32 (1961)  1044.
( f )  M.M. Wasson* M.1153,  AERE, H a r w e l l  1962.
(g) G. L a u s t r i a t ,  M o l e c u l a r  C r y s t a l s  _4 (1968)  127.
58.  ( a )  R.B. Murray e t  a l . , P hys .  Rev. 122 (1961) 815.
(b)  A.Mayer  e t  a l . ,  P h y s .  Rev.  128 ( 1 9 6 2 ) ,  98. .
59.  E.  Newman e t  a l . , P h y s .  Rev;  118 (1960) 1575.
60.  M. L u n t z ,  Phys .  Rev. B (1971) 2857.
61.  M. Luntz  e t  a l . ,  P hys .  Rev. B R6 (1972)  2530.
62.  L. Muga e t  a l .  , P hys .  Rev.  B 9^  (1974)  3639.
63.  L. Muga e t  a l . ,  N u c l .  I n s t r .  and Meth.  122 (1974)  553.  ’ ' '
64.  W. Burcham;’ N u c l e a r  P h y s i c s ,  An I n t r o d u c t i o n .
65.  B.N. Subba Rao, N u c l .  I n s t r , .  and Meth.  _44 (1966)  155 .
66.- H. K a n t e r  e t  a l . ,  Phys .  Rev.  126 (1962) 620.
67. L.M. B o l l i n g e r  e t  a l . ,  Rev. S c i .  I n s t r .  _25 (1957)  489.
68.  (a)  J .  K i r k b r i d g e  e t  a l . ,  N u c l .  I n s t r .  and Meth.  52 (1967)  293 .
(b) E.C.  Y a te s  e t  a l .  TEEE T r a n s .  B uc l .  S c i .  NS-13 No. 3 (1966)  153.
(c)  R.L.  MacGuire e t  a l . ,  IEEE T r a n s .  N uc l .  S c i .  NS-12 (1965)  24.
69.  A.Y.K. Q aq u i s h ,  Ph.D.  T h e s i s  ( I m p e r i a l  C o l l e g e ,  London) 1977.
70. (a)  G.W. McBeth e t  a l . , ’P u l s e  Shape D i s c r i m i n a t i o n  w i t h  O r g a n ic
S c i n t i l l a t o r s 1 ( P u b l i s h e d  by K o c h -L ig h t  L a b o r a t o r i e s ) .
-  196 -
(b) R.B. Owen, IRE,  T r a n s .  N u c l .  S c i .  NS-5 (1958)  198.
(c)  R.B. Owen, N u c l e o n ic s  1^ 7 (1959)  92.
71 .  Ir . I) .  B r o o k s ,  N u c l .  I n s  L r .  a n d  M e t h .  _U ( 1 9 6 1 )  -153.
72. ‘ R. B a t c h e l o r ,  e t  a l .  , N uc l .  I n s t r .  and Meth. 8^  (1960)  146.
73.  G. H r e h u s , N u c l .  I n s t r .  and Meth.  (1960)  344.
74. I . S .  D m i t r i e v  e t  a l . , S o v i e t  P h y s i c s ,  JETP 47 (1964)  615.
-  197 -
ACKNOWLEDGEMENTS
I  wou ld  l i k e  t o  e x p r e s s  my g r a t i t u d e  and a p p r e c i a t i o n  t o  a l l  t h e  
p e o p l e  who c o n t r i b u t e d  c o n s t r u c t i v e l y  t o  t h e  s u c c e s s f u l  c o n c l u s i o n  o f  
t h i s  p r o j e c t .
I  am p a r t i c u l a r l y  i n d e b t e d  to  my s u p e r v i s o r  Dr.  W.B. G i lboy  who 
i n i t i a t e d  t h e  p r o j e c t  and s u p e r v i s e d  b o t h  t h e  e x p e r i m e n t a l  and t h e o r e t i c a l  
work .  Mr. N. Spyrou ,  my j o i n t  s u p e r v i s o r  and D.A. G in g e r  ( o f  K o c h -L ig h t  
L a b o r a t o r i e s )  my i n d u s t r i a l  s u p e r v i s o r  gave u s e f u l  s u g g e s t i o n s  and encou­
ragem en t  t h r o u g h o u t  t h e  p r o j e c t .  K o c h -L ig h t  L a b o r a t o r i e s  i n c i d e n t a l l y  
s u p p l i e d  us  w i t h  t h e  s c i n t i l l a t o r s  and o t h e r  m a t e r i a l s  u s e d  i n  t h i s  p r o j e c t .
I  would  l i k e  to  th an k  t h e  S c i e n c e  R e s e a r c h  C o u n c i l  f o r  t h e  award 
d u r i n g  t h e  f i r s t  two y e a r s  o f  t h e  p r o j e c t  and a l s o  P r o f e s s o r  Daphne J a c k s o n  
the  Head o f  the  P h y s i c s  Depa r tm en t  who t o g e t h e r  w i t h  Dr .  G. H a i g h ,  the  
R e g i s t r a r ,  s e c u r e d  f i n a n c i a l  s u p p o r t  t o  e n a b l e  me t o  overcome g r e a t  f i n a n c i a l  
d i f f i c u l t i e s  b r o u g h t  a b o u t  by t h e  T u r k i s h  i n v a s i o n  o f  C yp rus .
I  am a l s o  p a r t i c u l a r l y  g r a t e f u l  t o  Mr.  E r i c  Sluman who h e l p e d  w i t h  
t h e  d e s i g n  o f  t h e  vacuum a p p a r a t u s  and to  Dr .  A. Clough who l e n t  me a 
number o f  h i s  e l e c t r o n i c  equ ip m en t  t o  e n a b l e  me t o  c om ple te  t h e  e x p e r i m e n t a l  
w o r k ..'
I  would a l s o  l i k e  to  t hank  D r .  K. Ahmad f o r  a l l  t h e  h e l p  he  p r o v i d e d  
me w i th  i n  programming and f o r  a l l  the  t ime lie s p e n t  on a d v i s i n g  me.
F i n a l l y  I  would l i k e  t o  t h a n k  t h e  members o f  s t a f f  o f  t h e  e l e c t r o n i c  
and m e c h a n ic a l  workshops  f o r  a l l  t h e  h e l p  th e y  gave me and a l s o  t h e  members 
o f  t h e  M ed ica l  and E n v i r o n m e n ta l  Group f o r  making  my s t a y  a t  S u r r e y  U n i v e r s i t y  
a p l e a s a n t  o n e .
-  198
APPENDIX
PUBLICATION
I.E.E.E.
TRANSACTIONS ON NUCLEAR SCIENCE NS-22 (1975)  p . 93-95
MC 'ir.L f'APL'R 7 1/8 x 9 15/J6 print iv'r;-r- FOR 8 3/2 x 11 PAGE TO
THE RESPONSE OF C sI(T £) TO ENERGY DEGRADED 
FISSION FRAGMENTS.
C.N. F e l la s  and W.B. G ilb o y  
P h y sic s  D epartm ent, U n iv e r s ity  o f  Surrey  
G u ild fo rd , U.K. 
and 
D.A. G inger  
K och -L igh t L a b o r a to r ie s ,  
Colnbrook U.K.
A b str a c t
( The s c i n t i l l a t i o n  r esp o n se  o f  a C sI(T £) c r y s t a l  to
e n e rg y  degraded f i s s i o n  fragm en ts d er iv ed  from  a 252Cf 
sp ontan eou s f i s s i o n  so u rc e  has been m easured o ver  the  
e n erg y  ran ges 34-51  MeV (heavy fragm ent) and 4 2 -7 4  MeV 
; ( l ig h t  fr a g m e n t) . The r esp o n se  to  y -r a y  induced  e l e c ­
t r o n s  and to  a - p a r t i c l e s  was a l s o  m easured fo r  compa­
r is o n  p u rp o se s . The r e s u l t s  in d ic a t e  th a t  th e  s c i n t i l ­
l a t io n  r e sp o n se  fo r  th e s e  p a r t i c l e s  i s  a m o n o to n ic a lly  
d e c r e a s in g  fu n c t io n  o f  s p e c i f i c  en erg y  l o s s .  :
! ! 
i In tr o d u c t io n  j
! ‘ . ! 
j There i s  c u r r e n t ly  an upsurge o f  i n t e r e s t  in  en e r ­
g e t i c  heavy io n s  in  a v a r ie t y  o f  f i e l d s ,  and a lth o u g h  
s o l i d  s t a t e  d e t e c to r s  have tended  to  r e p la c e  s c i n t i l ­
l a t i o n  c o u n te r s  fo r  t h e i r  d e t e c t io n ,  s c i n t i l l a t o r s  w i l l  
co n tin u e  to  be w id e ly  u sed  where th e y  p o s s e s s  te c h n ic a l  
a n d /o r  econom ic a d v a n ta g e s . P re v io u s  work on s c i n t i l ­
l a t o r  r e sp o n se  to  v e r y  heavy  io n s  i s  n o t v e r y  compre­
h e n s iv e  e i t h e r  in  term s o f  p a r t i c l e  mass and e n erg y , or  
i n  the range o f  s c i n t i l l a t o r s  s t u d ie d .  T his paper  
d e s c r ib e s  some o f  th e  i n i t i a l  s ta g e s  o f  a programme o f  
work w hich i s  d e s ig n e d  e v e n t u a l ly  to  measure the  
resp o n se  o f  a w ide v a r ie t y  o f  s c i n t i l l a t o r s  to  m ass- 
s o r te d ,  en ergy  degraded f i s s i o n  fra g m en ts , 
i ■;
| E xp erim en ta l P rocedure !
I J
! ‘ In  the m easurem ents d e sc r ib e d  h ere  the r esp o n se  o f  
a C sI(T £) c r y s t a l  s c i n t i l l a t o r  t o  en ergy  degraded l i g h t  
and h eavy  f i s s i o n  fragm ents from  a 252Cf sp ontan eou s  
f i s s i o n  so u rce  was i n v e s t ig a t e d .  A th in  252Cf so u rce  
('v, 101* f i s s i o n s  s e c - 1 ) d e p o s ite d  on a th ic k  s t a i n l e s s  
s t e e l  b a ck in g  was mounted in  a vacuum chamber ev a cu a ted  
ito <v 10- 5 ' t o r r ,  and f i s s i o n  fragm ents and a - p a r t i c l e s  
from i t  w ere i n i t i a l l y  a llo w ed  to  f a l l  on to  a s i l i c o n  
su r fa c e  b a r r ie r  d e t e c t o r .  F is s io n  fragm ents o ver  a 
range o f  e n e r g ie s  w ere produced by s lo w in g  down the  
fragm en ts in  a s e t  o f  v e r y  th in  VYNS f i lm s .
I
i The e n e r g ie s  o f  th e  fragm en ts em erging from each
idegrader f i lm  was c a lc u la t e d  from  the su r fa c e  b a r r ie r  
d e te c to r  o u tp u t c a l ib r a t e d  in  th e  manner d e sc r ib e d  by 
iSchm itt e t  a l . 1 .
I
j Ten VYNS f i lm s  o f  v a r io u s  th ic k n e s s e s  w ere mounted 
on a ’’c a r o u se l"  w hich c o u ld  be r o ta te d  from o u ts id e  the  
,vacuum chamber to  b r in g  d i f f e r e n t  d egraders in  fr o n t  o f  
'the 252Cf s o u r c e .
i
I To a id  t h i s  c a l ib r a t io n ,  a sm a lle r  undegraded
252cf so u rc e  c o u ld  be swung in t o  p o s it io n  d i r e c t ly  in  
f r o n t  o f  th e  su r fa c e  b a r r ie r  d e t e c to r ;  t h i s  sou rce  was 
a ls o  r e fe r r e d  to  a t  in t e r v a ls  to  check  the sy stem  s t a b i ­
l i t y .  System  l i n e a r i t i e s  were check ed  w ith  a p r e c is io n  
p u lse  g e n e r a to r .
i * F o llo w in g  t h i s  s t a g e  o f  th e  ex p erim en t, the su r fa c e  
b a r r ie r  d e t e c t o r  was r e p la c e d  by the s c i n t i l l a t i o n  
c o u n te r , c o n s i s t in g  o f  a 3 .7 5  cm d iam eter  x 2 .5  cm h ig h  
C sI(T £) c r y s t a l  co u p led  to an RCA 8575 R p h o to m u lti­
p l i e r .  The s c i n t i l l a t o r  was surrounded by an aluminium  
r e f l e c t o r  f o i l ,  a p a r t from a 1 cm d iam eter ’’window" on
one o f  th e  f l a t  f a c e s  w h ich  a llo w ed  th e  heavy io n s  to  
'e n te r  th e  c r y s t a l .  By u s in g  th e  c a l ib r a t e d  VYNS d egra­
d er  f i lm s  the s c i n t i l l a t o r  was exposed  to  a - p a r t i c l e s  
and f i s s i o n  fragm ents o v e r  a r a n g e .o f  e n e r g ie s .  Due to  
th e  much g r e a te r  s to p p in g  power (and low er s c i n t i l l a ­
t io n  e f f i c i e n c y )  o f  the f i s s i o n  fragm en ts r e l a t iv e  to  
th a t  o f  a - p a r t i c l e s  th e  c h a r a c t e r i s t i c  double-hum ped  
f i s s i o n  fragm ent peaks began  to  o v e r la p  w ith  the much 
more in t e n s e  a -p ea k  as t h e i r  e n e r g ie s  w ere red uced  and 
thus l im it e d  the range o v e r  w h ich  a c c u r a te  m easurem ents 
w ere p o s s ib l e  u s in g  t h i s  d i r e c t  m ethod. .
T h is o v e r la p  o c cu rr ed  a t  45 and 63 MeV fo r  heavy '
and l i g h t  fragm en ts r e s p e c t i v e l y .  j
In  o rd er  to  e x ten d  th e  m easurem ents to  low er e n e r ­
g i e s  a t i m e - o f - f l i g h t  sy stem  was d e v e lo p ed  to  d is c r im i­
n a te  a g a in s t  a - p a r t i c l e s  and t h i s  i s  now b r i e f l y  
d e s c r ib e d . j
The v e l o c i t i e s  o f  a - p a r t i c l e s  and f i s s i o n  f r a g ­
m ents from  th e  252Cf so u rc e  w ere m easured by p a s s in g  
them through a th in  tr a n sm is s io n  d e t e c t o r  on t h e ir  way 
to  th e  CsI(TJt) s c i n t i l l a t o r ,  and m easuring  t h e ir  t im e -  
o f - f  l i g h t  betw een  the two d e t e c t o r s .  The tr a n sm iss io n  
d e t e c t o r  was a th in  p l a s t i c  s c i n t i l l a t i o n  d e t e c t o r  
s im i la r  to  th a t  d e sc r ib e d  by Muga2 , b u t  in  our c a se  th e
1  r -
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F ig u re  1 . Time o f  f l i g h t  spectrum  fo r  2S2Cf 
f i s s i o n  fr a g m e n ts . T a l le r  peak 
co rresp o n d s to  l i g h t  fra g m en t.
f i lm  was prepared  from a K och -L igh t e x p e r im en ta l p l a s t i c  
s c i n t i l l a t o r  EPS 9 , 5 gm o f  w hich were d i s s o lv e d  in  50  
ml e t h y l  a c e t a t e  and 4 ml amyl a c e t a t e .  A drop o f  t h i s  
s o lu t io n  was a llo w ed  to  sp read  on w ater  and the r e s u l ­
t in g  f i lm  was p ick ed  o f f  on a p ersp ex  w h ich  a ls o  a c te d  
as a l i g h t  gu id e  to  c o u p le  the d e t e c t o r  to  an RCA 8575 
p h o t o m u lt ip l ie r .
I
r The energy  l o s s  o f  f u l l  en erg y  f i s s i o n  fragm ents ; 
in  the tr a n sm iss io n  s c i n t i l l a t o r  was m easured to  be  
ap p rox im ate ly  22 MeV u s in g  th e  s u t f a c e  b a r r ie r  d e t e c t o r ,  
w h ile  the alpha p a r t i c l e s  l o s t  about 180 MeV. T h is j 
d e te c to r  gave r i s e  to  the START p u lse  in to  a CANBERRA ; 
1443 t im e -a n a ly s e r . The C sI(T £) d e t e c t o r  was p la c e d  I 
1 2 .6  cm beyond the tr a n sm is s io n  s c i n t i l l a t o r  and gene­
ra ted  the STOP in p u t . The FWHM tim e r e s o lu t io n  o f  th e  
l i g h t  fragm ent peak was a b ou t 2 .0  n s w hich a d e q u a te ly  
r e so lv e d  i t  (F igu re  1) from b o th  th e  heavy fragm ent  
and the a - p a r t i c l e  peak (n o t  shown) even  w ith  no a d d i­
t io n a l  en erg y  d e g r a d a tio n . The tim e peaks o f  the two 
f i s s i o n  fragm ents w ere b r a c k e ted  in  turn  u s in g  the : 
b u i l t - i n  s in g le  ch an n el a n a ly s e r  (SCA) o f  th e  t im e -  
a n a ly se r  and the r e s u l t in g  SCA o u tp u t was used  to  g a te  
j the p u lse  h e ig h t  spectrum  from  th e  C sI(T £) d e t e c t o r .
I In  th is  way i t  was p o s s ib le  to  show unam biguously  th a t  
! the f a s t e s t  heavy p a r t i c l e s  ( i . e .  th e  l i g h t  fra g m en ts)  
corresponded to  th e  upper peak in  th e  double-hum ped  
s c i n t i l l a t i o n  spectrum  (F ig u re  2 ) .  With in c r e a s in g
14
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F igu re  2 . P u lse  h e ig h t  spectrum  fo r  252Cf f i s s i o n  
fragm ents in c id e n t  on a C sI(T £) s c i n t i l ­
l a t o r .  The la r g e s t  peak i s  due to  the  
l i g h t  fra g m en ts . The sm a ll peak near  
.ch an n el 80 i s  th e  r e s id u a l  ct-peak a f t e r  
g a t in g  w ith  th e  tr a n sm iss io n  d e t e c t o r .
en ergy  d eg ra d a tio n  th e  v e l o c i t i e s  o f  a - p a r t i c l e s  and 
I f i s s i o n  fragm ents become even more w id e ly  s e p a r a te d ,  
land th e r e fo r e  t im e - o f - f l ig h t ,  d is c r im in a t io n  a g a in s t  th e  
in t e r f e r in g  a - p a r t i c l e s  en a b led  the s c i n t i l l a t i o n  r e s ­
ponse fo r  f i s s i o n  fragm ents to  be ex ten d ed  down to  34 
MeV and 42 MeV fo r  heavy  and l i g h t  fragm en ts r e s p e c t i ­
v e ly .  These low er l im i t s  w ere im posed by th e  n o is e  
l e v e l  in  the p r e se n t  tr a n sm iss io n  d e t e c t o r .
' The tr a n sm iss io n  d e te c to r  a ls o  fu n c t io n s  a s a dE/dx 
d e te c to r  and i t s  ou tp u t p u ls e  h e ig h t  fo r  a - p a r t i c l e s  
i s  sm a ller  than fo r  f i s s i o n  fra g m en ts; by r a i s in g  the  
b ia s  l e v e l  o f  the c o n sta n t  f r a c t io n  d is c r im in a to r  
(0RTEC type 463) in  the START chann el th e  a -p ea k  in  
th e  tim e spectrum  could  be s t r o n g ly  red u ced . However 
t h i s  sm all a lph a  en ergy  l o s s  r e s u l t s  in  a la r g e  s t a t i ­
s t i c a l  spread in  p u lse  h e ig h t  and th e r e  i s  some o v e r ­
la p  w ith  f i s s i o n  fragm ent e v e n t s .  T h is o v e r la p  
in c r e a se s  as the f i s s i o n  fragm ents a re  reduced in  
en erg y , so  i t  was n o t p o s s ib le  to  c o m p le te ly  d is c r im i­
n a te  a g a in s t  a - p a r t i c l e s  on t h i s  b a s is  a lo n e  w ith  the  
p r e se n t  tr a n sm iss io n  d e t e c t o r .
The t i r a e - o f - f l i g h t  ap p aratu s-w as a ls o  used  fo r
in d ep en dent a b s o lu te  en erg y  m easu rem en ts. The norm al 
f l i g h t  path  o f  12 .6  cm co u ld  be in c r e a s e d  by 25 cm by 
in s e r t in g  an e x tr a  f l i g h t  tube b etw een  th e  tr a n sm is s io n  
d e te c to r  and th e  C sI(T £) d e t e c t o r .  The r e s u l t in g  
s h i f t s  in  th e  tim e s p e c tr a  g iv e  an a b s o lu t e  m easure o f  
'th e  m ost prob ab le  v e l o c i t i e s  o f  th e  degraded  f i s s i o n  
fra g m en ts . In com bination  w ith  th e  known m ost p ro b a b le  
m asses o f  the l i g h t  and heavy fra g m en ts q u i te  a c c u r a te  
median e n e r g ie s  can be c a lc u la t e d .  T h is  m ethod was 
used  as a check  on th e  S ch m itt c a l i b r a t i o n  m ethod, and 
has the advantage th a t  (w ith  an im proved START d e t e c t o r )  
i t  can be employed below  25 MeV w here th e  S ch m itt method 
becom es in a c c u r a te  due to  the o n s e t  o f  n u c le a r  s c a t t e ­
r in g .  Over th e  energy range of the p r e s e n t  m easurem ents 
th e se  two methods o f  d e te rm in in g  th e  f i s s i o n  fragm ent 
e n e r g ie s  agreed  w ith in  ^ ± 1.5% .
' R e s u lt s  and C o n c lu s io n s  !
| For com parison p u r p o se s , th e  r e s p o n s e  o f  C sI(T £)
; to  e le c t r o n s  was a ls o  m easured u s in g  y - r a y s .  The 
en ergy  r e s o lu t io n  fo r  th e  0 .6 6 2  MeV ph otop eak  o f  137Cs 
jwas 11.6%, w h ile  fo r  th e  6 MeV a - p a r t i c l e s  th e  r e s o lu ­
t i o n  was 4.7% . The l i g h t  and h ea v y  f i s s i o n  fragm ent  
peaks w ere q u ite  w e l l  r e s o lv e d ,  and showed a l i g h t  
fragm ent peak to  v a l le y  r a t io  o f  a b o u t 1 .9  f o r  unde­
graded fra g m en ts . The re sp o n se  to  y -r a y  in d u ced  
I e le c t r o n s ,  a - p a r t i c l e s ,  l i g h t  and h ea v y  f i s s i o n  f r a g ­
m ents were a l l  q u ite  l in e a r ,  o v e r  th e  o b se r v e d  r a n g e s ,  
ib u t o n ly  the d ata  fo r  e le c t r o n s  and a - p a r t i c l e s  e x t r a ­
p o la t e d  through the o r i g i n .  I f  th e  s c i n t i l l a t i o n  l i g h t  
jo u tp u ts , L, a re  n o rm a lised  so  t h a t  L = E f o r  e le c t r o n s  
|o f  energy  E, the r e sp o n ses  fo r  a - p a r t i c l e s ,  h eavy  f r a g ­
m e n ts ,  and l i g h t  fragm ents r e s p e c t i v e l y  a re  g iv e n  by  
ith e  r e la t io n s  :
I *■ >
! . :  
i L (a lp h a) = 0 .6 8 E  '
j :
! L (heavy) = 0 .0 9 3 E  + 0 .3 8  (E = 34 -*■ 51 MeV).
L ( l ig h t )  = 0 .0 6 4 E  + 1 .3 1  (E = 42 74 MeV)
Those f ig u r e s  r e p r e se n t  a l e a s t  sq u a r es  f i t  to  the  
d ata  shown in  F igu re 3 and th e  d e r iv e d  s c i n t i l l a t i o n  
e f f i c i e n c i e s  (dL/dE) have an u n c e r t a in t y  o f  a b o u t 4%.
The heavy fragm ent r e s u l t  a g r e e s  w e l l  w ith  th e  
measurem ent o f  Fulm er3 (n o rm a lised  v i a  th e  a -r e s p o n s e )  
who used  m a g n e t ic a lly  se p a r a te d  f i s s i o n  fr a g m e n ts , anda  
v e r y  th in  C sI(T £) c r y s t a l .  However the p r e s e n t  l i g h t  
fragm ent resp o n se  i s  30% s m a lle r  than F u lm er 's  r e s u l t ,  
and fo r  the p a r t i c l e s  s t u d ie d  in d ic a t e s  t h a t  s c i n t i l ­
l a t i o n  r esp o n se  i s  a m o n o to n ic a lly  d e c r e a s in g  f u n c t io n  
o f  s p e c i f i c  energy  l o s s .  Our d a ta  shows t h a t  th e  
s c i n t i l l a t i o n  o u tp u ts fo r  f i s s i o n  fr a g m en ts  c r o s s  o ver  
a t  about 30 MeV which i s  p rob ab ly  r e l a t e d  to  th e  c r o s s ­
o ver  in  dE /d x .
I t  i s  in ten d ed  to  im prove th e  p r e s e n t  tr a n sm is s io n  
d e te c to r  to  tr y  to  a c h ie v e  a p erform ance n e a r e r  to  th a t  
r e c e n t ly  d e sc r ib ed  by Cormier e t  a l . 4* who a t t a in e d  a 
tim e r e s o lu t io n  o f  0 .3  n s e c  w ith  an e n e rg y  l o s s  o f  
o n ly  600 keV, fo r  in te r m e d ia te  mass i o n s .  Such a 
d e te c to r  would enab le  our en erg y  range to  be c o n s id e ­
r a b ly  e x ten d e d , and s h o r te r  f l i g h t  p a th s  c o u ld  be used  
to  reduce running t im e s . The d e v e lo p e d  a p p a ra tu s w i l l  
be employed to  measure th e  h ea v y  io n  r e s p o n s e  o f  a 
range o f  s c i n t i l l a t o r s .
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